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FOREWORD

This document is the final report of a study of a vehicle and instrumentation
| system for measuring High-High Altitude Critical Atmospheric Turbulence (HI-
HICAT). The investigations were conducted by the Lockheed-California Company
at Burbank, California, under Contract AF33(615)-2569. The contract was per-
formed under Project No. 1469, "Vehicle Loads Validation", Task No. 146902,
"Critical Atmospheric Turbulence". The study was monitored by J. . Garrison,

FDTE, of the Air Force Flight Dynamice Laboratory at Wright-Pattersen Air
Force Base, Chio.

| The study was conducted from 1 June to 31 December 1965 and the report was
submitted 28 February 1966.

This study is indebted to assistance from outside organizations. Their
experience in certain fields led to a better understanding of the feasibility
of various concepts and permitted a further detailing of the dI-HICAT vehicle
and instrumentation system. Special mention is accorded the following organi-
zations for their time and effort in preparing proposals which analyzed and
recommended configurations for the subsystems listed below:

Recovery System Northrop Véntura, 1515 Rancho Conejo Boulevard,
Newbury Park, California 91320

Propellant and Rocketdyne, 6633 Canoga Avenue, Canoga Park,

Propulsion System California 91304

Q-ball Northrop Nortronics, 1 Research Park,

Palos Verdes Peninsula, Califorma 9027k

Information in this report is embargosd under the Department of State
International Traffic in Arms Regulaticns. This report may be released to
foreign governments by departments or agencies of the U.S. Government subject
to approval of the AF Flight Dynamics Laboratory, Wiright-Patterson AFB, Ohio,

or higher authority within the Department of the Air Force. Private individuals
or firms require a Department of State export-license.

This manuscript was released by the author in Fébruary 1966 for publication as
a RTD Technical Report.

This technical report has been reviewed and is approved.

e O
AMES C. HORSLEY,
Major, USAF
Chief, Experimental Mechanics Branch
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ABSTRACT

A preliminary design study was conducted on an unmanned HI-HICAT (High-High
Altitude Critical Atmospheric Turbulence) vehicle and instrumentation system to
measure turbulence at altitudes from 70,000 to 200,000 feet. The vehicle
configuration selected as optimum for this extreme range of altitudes is a
parawing, For the study, emphasis was placed on designing a system for the
middle portion of the altitude band from 100,000 to 150,000 feet. In this
band & lifting body configuration is competitive with the parawing. Both
systems feature a one-stage vehicle which is air launched from.an F-U4C
aircraft at supersonic speeds. A cluster of eight P4-1 rocket chambers
accelerates the vehicle up to cruise speed., The vehicle cruises in horizontal
flight at speeds as high as Mach 6 until propellant exhaustion or until

the sustainer engine is shut down. It then decelerates at the cruise altitude
to obtain additional data miles., Recovery is initiated when the vehicle

slows down to Mach 1.5. An air snatch completes the mission. Turbulence data
is gathered by a digital system and stored on a megnetic tape recorder and
telemetered back to the launch aircraft, the recovery aircraft, and any
available ground ,cation. An inertial navigator supplies attitude

and acceleration « ata, but the fine scale attitude motions in turbulence are
obtained from a package of three precision rate gyros. A one-axis, servoed
Q~ball is recommended as the flow direction sensor. The total RDT&E,
production, and operating cost of 500 data gathering flights is estimated

at $53 million,
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ABSTRACT

A preliminary design study was conducted on an unmanned HI-HICAT (High-High
Altitude Critical Atmospheric Turbulence) vehicle and instrumentation system to
measure turbuleance at altitudes from 70,000 to 200,000 feet, The vehicle
configuration selected as optimum for this extreme range of altitudes is a
parawing, For the study, emphasis vwas placed on designing a system for the
middle portion of the altitude band from 100,000 to 150,000 feet. In this
band a lifting body configuration is competitive with the parawing. Both
systems feature a one-stage vehicle which is air launched from.an F-4C
aircraft at supersonic speeds. A cluster of eight P4-1 rocket chambers
accelerates the vehicle up to cruise speed. The vehicle cruises in horizontal
flight at speeds as high as Mach 6 until propellant exhaustion or until

the sustainer engine is shut down. It then decelerates at the cruise altitude
to obtain additional data miles., Recovery is initiated when the vehicle

slows down to Mach 1,5, An air snatch completes the mission. Turbulence data
is gathered by a digital system and stored on a megnetic tape recorder and
telemetered back to the launch aircraft, the recovery aircraft, and any
available ground .cation., An inertial navigator supplies asttitude

and acceleration « ata, but the fine scale attitude motions in turbulence are
obtained from a package of three precision rate gyros. A one-axis, servoed
Q-ball is recommended as the flow direction sensor, The total RDIKE,
production, and operating cost of 500 data gathering flights is estimated

at $53 million.
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SECTION 1

IRTRODUCTION

Ciear air turbulence has been a serious design problen at &1l altifudes at
which airplanes have flown. Figure 1 (keference 1) indicates that turlulence
is a major factor in determining the fatigue 1life of an aircraft. It is
expected that- this' contribution may increase for future flight vehicles due to
the combined effects of increased speed, altitude, size and flexibility.

To date, turbulence data, applicable to aircraft design, has been gathered

at altitudes as high as 70,000 feet. This data has been gathered only recently
and by aircraft already in service and thus has not been available as en
input into the basic aircraft design. The.result bas been the loss of life
end vehicles, and .expensive design "fixes™. With this hindsight it beccrmes
possible to foresee the necessity of obtaining turbulence design criteria for
advanced vehicles before they reach the final design phase. Many of these
vehicles will operate at ~1titudes above T0,000 feet, for which there is
presently no datu availsble. The HI-HICAT (High-High Altitude Critical Atmos.
Turbilence) program wes initiated to coilect turbulence data between 70,000
and 200,000 feet altitude.

Thus- far turbulénce information in this high altitude regime has heen limited
to vertical profiles of wind velocities , and bas been obtained from rising
rockets or falling instruments ejected from rockets. Descriptions and
understanding of the turbulence fields at these levels, sufficient for use

in aircraft design criteria, requires extensive and accurate measurements in
the horizontal, rather than the vertical.

This preliminary design study was initiated with the objective of evaluating
a vehicle and instrumentation system which could operate in horizontal flight
at altitudes from 70,000 to 200,000 feet. Specific requirements as set forth
in thé contract sre that the sys*tem must e capable of obtaining in-flight
data sufficient to permit definition of HI-HICAT with respect to location,
extent and intensity, and associated meteorological parameters. The data must
be sufficient to permit analysis of the turbulence by power spectral density
methods. Emphasis will be placed on measuring long wavelength turbulence (up
to 75,000 feet per cycle) by operating the vehicle in horizontal flight through
areas of high wind shears, jet streams, gravity waves and similar phenomena.
For an adequate data sample, the cruise range of the vehicle should be
approximately 25 times the maximum wavelength of interest. For a wavelength
of 75,000 feet, a range of 350 miles is required (statute mile used herein).
The primary requirement on the %isltrumen’cation is that it must be capable of
resolving a minimum rms (root-me&n-square) gust velocity of 1 fps. The number
of flights to be considered for study purposes i1s 50 minimum and 1000 waximum.

Since the primary cbjective of the HI-HICAT program is to measure turbulence,
it is'necessary togkeep in mind the fact that all other systems must be
designed around the instrumentation system. The vehicle must be designed
with the philosophy that its purpose is to carry the instrumentaticn package
with minimum influence on instrumentation design or function. Thus,

throughout this study, the vehicle and instrumentation have been considered
as a single entity.
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Tnis study thus consisted of selecting an instrumentation system to perform
the ebove stated mission, followed by vehicle configuration studies, and
integrating these into an overall operaticnal system including optimum launch
zetbod, propuision, guldance and control, and data retrieval.

This study is part of an overall progran to statistically define the
cheracteristics of higk altitude, clear air turbulence and to verify or
correct existing theories on the power spectral density of turbulence at
theze altitudes. The establishkrent of a turbulence model, to be used as a
basis for prediciing the fatigue loading of aerospace vehicle structures,
will result from the collected data of the overall program.
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SECTICH 2
SUMMARY

One-stage, unmannsd, parawing and lifting body designs were evolved for a HI-
HICAT vehicle and instrumentation system capable of msasuring turbulence at
altitudes from 70,000 to 200,000 feet. The mission for either configuration
consists of the sams series of flight phases, as illustrated in Figure 2. This
study concludes that the opiimum vehicle would be air launched. This would

be accomplishsd as followss An F-lLC aircraft enters the leunch maneuver at
near Mach 2 at 35,000 fest and pulls up until the HI-HICAT vehicle is released
at the pre-set launch angle. The heiium pressurisation system is activated
and the rocket angines fire to boost the HI-HICAT vehicle up to speed. The
boost engines (but not the sustainer engine) are shut down and the vehicle "coasts"
up to the crulse altitude, at which point the parawing deploys, if installed.
The sustainer engine is modulated to provide the required level of thrust in
eruising flight, The parawing vehicle cruises at speeds near Mach 3 at 70,000
feet and Mach 6 at 200,000 fest. At the lower alvitudes the cruise upeed can
be sst for maximum range, but at the higher altitudes the cruise speed for

-maximm range is %oo high and must be limited due to material temperatures.

After propellant exhaustion or after the engine is commanded to shut down, thse
vehicle decelerates at the crulse altitude to Mach 1.5, the recovery initiation
speed, or to a maximum angle of attack of 50 degrees. The deceleration adds
valuable data miles. If the maximum angle of attack is reached first, the
vehicle glides down until the speed drops to Mach 1.5. After the main para-
chute opens, an air snatck aircraft picka up the vehicle and returns it to the
operating base for ~afurbishing.

Although the external configurations are radically different, the internal
systems for elther the parawing or the 1ifting body design are the same except
for one major variation. The parawing vehicle has a pressure-fed engine
gystem, whareas the 1ifting body has a turbopump-fed system. A1l available
space must be filled with propellants, and complex shapes result for a2 lifting
body design which are inappropriate for a pressure-fed systems The installa-
tion of a turbopump requires a mere complex design, but the freedom in choosing
an aerodynamic configuration compensatdés for this disadvantage. Admittedly,
only a parawing can achieve satisfactory range at extremely high altitudes, but
the lack of aerodynamic and thermodynamic test data gives a degree of uncer-
tainty about a parawing design which can only be resolved by a systematic
parawing research program. Lifting body designs have been subjected to con-
siderable research, development, and test efforf; therefore, a HI-HICAT devel-
opment program could proceed immediately without a research phase.

The recommended, unmanned vehicle configuration is dependent on altitude. For
the overall 70,000 to 200,000 fest band, the parawing is recommended. It 1s
the only vehicle capable of flying at 200,000 feet in a practical manner. For
flight at lower altitudes, smaller wings, or no wings, can be attached to the
sama basic fuselage. In the mid-altitudes (100,000 to 150,000 feet), rigid
shapes are competitive and the 1lifting body vehicle is recommended.

At the lower altitudes of interest, the YF-12A aircraft will have application.
Past turbulence investigationr lLave aiways emoloyed a manned aircraft., The
highest altitudes explored to date have begen with a U-2 aircraft on the HICAT
program. An instrumented YF-12A alrcraft is the next logical step. The cost
of obtaining data, although greater than for past investigations, would be less
than for the unmanned systems studied herein.
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A flow direction sensor is provided to measure the fine scale lateral and
vertical variations in the winds relative to the HI-HICAT vehicle, The re-~
sponse of the vehicle, in turn, to long scale twbulence wavelengths, is
measured by acceleromsters, and rate and position gyros. The recommended flow
direction sensor is & one axis, servoed Q-ball design similar to that developed
and in operation on the X-15 ressarch aircraft, The high supersonic speeds of
the HI-HICAT vehicle requires that extremely small variationz in the angle of
attack and sideslip be measured. The accuracy attainable with the overall
system depends primarily on the accuracy of the flow direction measurements.
The Q-ball design described herein promises accuracies of 0.005 deg. at fre-
quencies from 1/20 to 7 cps. The overall system accuracy is 0,01 deg. for the
same range of frequencies. At the instrumentation design Mach number of 4 at
70,700 feet and Mach 6 at 200,000 feet, the system is capable of measuring an
0.9 fps rms gust at wavelengths from 40O to 78,000 feet at the lower speed and
a 1.0 fps rms gust at wavelengths from 600 to 94,000 feet at the higher speed
and altitude.

The instrumentation system is designed to sample 20, 13-bit words simultang-
ously at a rate of 40 per second. Two of the 20 channels are required for the
angle of atftack since the measuring range will:- be greater than the

capability of a single channel. Both on~board recording and telemetering of
data are cousidered in the design, and both functions can be provided on a
single flight, if desired. The magnetic tape recorder has a capacity greater
than 13 million bits, sufficient for 15-minute flights. The telemetering in-
cludes a 5-watt transmitter and a slot or flush cavity antenna.

A total system cost of 27, 53 and 80 million dollars is estimated for either
the parawing or the 1lifting body vehicle for 50, 500 and 1000 flights, respec-
tively, These figures include developing, testing, enginsering, production
and operating costs, but do not include the cost of research on the parawing.
Since the technology for supersonic rarawings is poorly developed, a 20-month
additional research program must be completed before a go-ahead can be author-
ized for a HI-HICAT parawing system, at a cost of two million dollars.

Three views of the parawing and the lifting body systems are presented in

Figures 3 and 4, The major design parameters and features are described in
Table 1,
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TABLE 1 ! :
SUMMARY OF SYSTEM DESIGN FEATURES 1
Lifting Large !
Pody Paraving |
Weight ’ ‘
Full 3262 1b 2873 Ib "\
Empty 1157 1b 1036 Ib : ?
Airframe
Length 21 £t 7.5 in. 25 £t 4 in.
Span 6 £t 10 in. 27 £t 6 in. ‘
Height 2 £t 1 in. bk £t 11 in.
Planform area 78.5 sq £t 190 sq ft
leading edge sweep 8l deg 45 deg ]
Ieading edge dismeter 3 in. 4 in. (minimum) :
Q-ball diameter 2.5 in. 2.5 in. ‘g
Primary structural material Ti-6A1-4V titanium Ti-6A1-4V titanium i ;
and Inconel Alloy and Inconel Alloy
718 718 ‘
Either System
Propellant and Propulsion System 3 A
Type Eight clustered P4-1 ?
liquid rocket chambers
Fuel Hydyne MAF & ‘
Oxidizer TRFNA J
Mixture ratio (oxidizer-to-fuel
weight ratio) 3.0:1 A
Expansion area ratio
Boost engine ik.0:1
Sustainer engine 23.5:1

Maximum thrust 5660 1b (lifting body - 150,000 £t)

4935 1b (perawing -~ 200,000 £t}

Pressurization and Cooling System
Type

Helium tank vressure

Cyrogenic helium
1000 psia
Recovery System

Type

Two stage parachute
followed by air snatch

13
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TABLE 1 (Concluded)

Command and Control System

Type

Controls

Instrumentation

Type
Flow direction. sensor

Date handling

Data channels
Semples per second per channel
Capacity

3,

1k

Either System

Inertial navigator with
"eround” control override

Aerodynamic surfaces, engine
throttle, engine shutoff,
and recovery initiation

PcM (digital)
One-axis servoed Q-ball

On-board magnetic tape
recording and telemetering

20
Lo
Greater than 13 x 106 bits
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SECTION 3
CONFIGURATION EVALUATION

This section is concerned with the identification and comparative evzluation of
the possible configuration candidates for carrying the instrurmentetion package
through its mission., Also included in this section is the selection of the ;
various supporting systems for propulsion, launch and recovery.

3.1 MISSION PROFILE DEFINITION

|
Fundamental to selecting a vehicle configuration is the definition of the per- ’ }
formance requirements, The HI-HICAT vehicle must be capable of cruising hori-~
zontally for a distance of 350 miles at all altitudes between 70,000 aud 200,000
feet. The complete profile may be broken down info the fcllowing phases (See
Figure 2): (1) launch, (2) boost, (3) cruise, (4) deceleration, {(S) glide arnd {
(6} recovery. The configuration cf the HI-HICAT vehicle will be directly :
arfected by the approacn selected for the first three of these mission phases i
and only indirectly affected by the other flight phases. The discussion in .
this section, therefore, will cover the first three phases only since only a ‘
preliminary defining of the HI-HICAT mission is intended.

For purposes of completing the definition of the HI-HICAT vehicle mission pro- 1
file, a preliminary estimate of the cruise velocities was made, Figure 5 is a i
plot of dynamic pressure (q = W/S where q is the dynamic pressure, W/S the wing i

loading and Cp, the 1lift coefficient). At the highest altitudes the highest

1ift coefficients will be required and a meximum for design would be expected
to be roughly 0,5 for supersonic cruise. it may be seen from r'igure 5 that

high supersonic speeds are a must in spite of the thermodynamic problems that )
will be encountered, For example, even at Mach 6 at 200,000- feet & wing iocad- {
ing of only 5 will be required at a Cf, of 0.5, an unusually lew value. (It will l

be shown later that speeds much grester than Mach 6 result in excessive mater-
ial temperatures.)

4

At low altitudes, low speeds are favored to reduce the variation in the range
of cruising Cp's with a consequent improvement in the lift-to-drag ratios.

Subsonic speeds are unlikely, however, because the longitudinel trim require-
ments are simplifiesu by the constancy of the aerodynamic moments at supersonic
speeds. Also, any gain in lift-to-drag ratio may be offset by the greater fuel
consumption, per mile, of a rocket. (The reasons for choosing a rocket engine
are discussed in Section 3.71.3.) Ard finally, the flight time is shortened at

gupersonic speed by a number of minutes with a consequent reduction in the size
of secondary power sources,

3.7.1 Launch

Two launch methods were considered, ground launch and air launch, Air
lauuch is recommended. A major disadvantage of ground launch for the large
number of flights to be considered (up to 1000) is the necessity of using a
booster for each launch., The booster cannot be made recoverable and
reusable in any practical manner., Thus, the cost of a new booster would be
incurred for each flight. £4nalyses of booster costs indicate that these
would probably be nearly 50 percent of the total operational cost of each
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ALTITUDE

80,000 FT

100,000 FT

120,000 FT

140,000 FT
160,000 FT

8

10

ASd ‘ANNIBEIUL OINVYMNAC

10

5

2

MACH NUMBER

DYNAMIC PRESSURE

FIGURE 5.
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flight. Ancther major problem associated with ground launch is the high
accelerntions and higk dynardc pressures placed on the vehicle and instrumenta-
tion éuring the low alfitude boost portion of the mission.

By launching the HI-HICAT vehicle fran an aircraft at bigh altitude, the above
stated problews can be greatly reduced or eliminated. Iaunch costs are much
less since the launch aircraft is reusable. The loads imposed on the HI-HICAT
system during sircraft clirb-to-altitude are also much less than those for
ground launch. Other advantages of air launch over ground launch cre:

1. Reduction in the velocity increment required for boost.
2. Reduction in drag losses during boost.

3. Mobile, worldwide launching platform.

L. Bigh reliability of an aircraft compared to a booster.
5. Pewer launch site restrictions.

An air launch is not without its disadvantages. Typically:

1. The vehicle is siubject to buffeting and vibretion before launch.

2. Tests must be conducted to verify that the launch aircraft and HI-HICAT
vehicle combinetion possess satisfactory flight qualities, performance
and launch characteristics.

Experience with other programs indicates the advantages of an air launch

outweigh the disadvantages if a large number of launches are contemplated.
Typicel of past and present programs with repeating air launches are the

\ X-15 research aircraft, the X-7 ramjet research vehicle and the AQM-~3TA
target drome.

3.1.2 Boost

Two HI-HICAT vehicle boost/cruise configurations were studied; a one-stage

‘ system and & two-stage system. In the one-stage system the booster is an
integral part of the cruise vehicle. The booster is reusable and is recovered

with the cruilse vehicle. In the two-stage system the booster is ejected from
the ~ruise vehicle prior to cruise flight. The booster can then either be

\ recovered or expended.

\ The expendable booster suffers from many of the same handicaps as those

previously enumerated for a ground launch booster and is not considered to
be practical. Figure 6 presents a plot of the bare motor costs for solid

propellant rockets. The band shown covers the range from & low production,

conservative estimate to a high production, optimistic estimate. The curve
is based on unsophisticated motors and excludes the costs of other expendab.ie
items such as tail fins or interstage assemblies. For & two-stage rocket-
powered cruise vehicle weighing from 1000 to 1500 pounds cruising at speeds
from Mach 4 to 6, & total impulse of roughly 500,000 lb-sec is required. It
is evident that booster costs wou.d be between $9000 and $25,000 per launch
Just for the bare mctor alone. This cost is excessive for a program in which
a8 many a8 1000 missions are contemplated.

The recoverasble booster must be reusable in order to Justify recovering it.
This implies that it uses liquid rockets. Reussble solid rockets have not
been sufficiently developed to concider them for the HI-HICAT program., This
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TOTAL IMPULSE, LB- SEC

FIGURE 6. BARE MOTOR COSTS FOR SOLID PROPELLANT ROCKETS
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fact also applies to the one-stage booster rockets. Thus both the one-stage
and two-stage systems would use liquid propulsion.

The primary advantage of the two-stege system in whick the becoster is released

prior to cruise, is the reduced weight {0 be carried during cruise. This in
turn reduces the requirements on the vehicle design and propulsion system,
resulting in, perhaps, lower one-time and recurring costs than those of a
one-stage system. - However, counteracting this possible advantage is the
added cost and complexity of providing a separate recovery syster for the
booster. The liquid propulsion one-stage boost-cruise system is thus
recommended on the basis of simplicity and reliability.

3.1.3 Cruise

A liquid rocket engine system for the ciruise vehicle is included in the
recommended HI-HICAT system. The justification for such a system is presented
below by considering the argumentis for rejecting alternate systems.

3+1.3.1 Ko Crulsing Engine: Ballistic Vehicles and Dynamic Gliders
It is possible to conceive rf systems which do not employ propulsion for
cruising. Two such possibilities are described below:

1. A ballistic vehicle could make measurements as it went over the top of

its trajectory. A range of 50 miles could be obtained with an altitude
variation of less than 5000 feet for an spogean speed of 5320 fps.

2. A concept of greater complexity is & glider which would be boosted up
to the desired altitude. At that point, the guidance and control
system would pitch up the vehicle to a lifting attitude. The vehicle
then would become & dynamic glider and be controlled to decelerate at
altitude until tle maximum usable 1ift was obtained. The deceleration

range would be of the order of 100 miles for the same apogean speed
glven above for the ballistlc vehicle.

These concepts are best compered to a two-stage cruising vehicle with the same
type of booster unit for the first stage. For such & vehicle the range would
be greater than 350 miles and the weight would be roughly 1400 pounds. The
weights of the pure ballistic vehicle and the dynamic glider are estimsted at
200 to 400 pounds, respectively. Hence, all three vehicles have a weight-to-
range ratio of roughly four. The cost per dats mile would be less, therefore,
for the larger vehicle because the cost of boosting a pound goes down as the
vehicle weight goes up., Admittedly, the lack of a wing, a cruise powerplant,
& fuel system and a complex guidence &and control system causes the purely
ballistic vehicle to look attractive. No savings can be effected for
instrumentation, however, a major cost element. Consideration of the need

for a large number of data miles for turbulence statistics leads to the
conclusion that a cruising vehicle will result in a lower cost per dats

mile. Another factor is that all the vehicles discussed here are two-stage

vehicles. The arguments in favor of discerding all types of two-stage
vehicles were presented in Section 3.1.2

3.1.3.2 Air-breathing Powerplants

A ramjet could greatly increase the range of & HI-HICAT vehicle, as compared
to & rocket, over a band of altitudes centering around the design altitude.
Although a reduction in operating costs is probable, the cost of developing
a8 new ramjet design solely for the HI-HICAT vehicle is excessive., In

19

T R Y

PR




comparison, & rocket does not bave an operating celiling and is the only
engine which is feasible at the highest altitudes of interest.

A word should be said about air augmentation for & rocket engine, which

could raise the specific impulse 30 to 50 percent for practical levels of

air scooping (Reference 2). It remains to be demonstrated that the theoreti-
cal gains can be achieved in a practical flying system. Also, a disadvantage
exists in that different size scoops would be required for different
altitudes. Ai. augmentation is best considered for a possible future improve-
ment of the basic HI-HICAT vehicle after the initial develogment is completed.

3.1.%.3 Solid Rockets

Very slow burning solid rockets have not been widely developed. Add to this
the desire fur reuse and throttling and it is apparent the cruise motor should
not be a s0lid rocket.

3.1.3.4 Liquid Rockets

The recommended propulsion for the cruise vehicle is a liquid rocket. This
is the only practical system for meeting the requirements of lorg range

(350 miles) flight at nearly constant altitude. As will be shown in Section
3.3, a propulsion system can be built up with relative ease from the
technology of & system already in existence, the IRGU-NA-4 1iguid rocket

engine.

3.2 EXTERNAL CONFIGURATION ANALYSIS

There are a large number of lifting configurations which can be conceived
for the HI-HICAT vehicle. They fall under two broad categories: rigid and
expandable. Expandeble configurations are of interest since a very large
wing area is desirable for flight at 200,000 feet. The maximum dynamic
pressure during boost will be two orders of magnitude greater than the
dynsmic pressure during cruise at 200,000 feet. Such a large wing cannot be
mede structurally strong enough to survive the dynamic pressures which will
be encountered during boost. Somehow the wing must be retracted or folded
into & compact shape for boosting. However, rigid shapes are not to be
neglected. Moderately low wing loading will exist for shapes such as the
11fting body and these configurations are usually easier to protect from the
thermal environment.

Only aerodynamic controls will be considered for any type of lifting
configuration. If a configuration is capeble of generating enough 1ift to
support itself, then it is reasonable to expect that aerodynamic controls
can be designed which will achieve satisfactory pitching, rolling or yawing
moments without recourse to reaction controls. Reaction controls are not
really feasible for the HI-BICAT vehicle. The necessity for maintaining
trim would put a steady drain on the propellants for the control jet and
the propellant weights would tecome totally unrealistic. A variation of
the reacticn control concept is to swivel the rocket engine but since a
portion of the mission is with power off, this variation must also be
rejected.
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3.2.1 Expanding Wings

Many concepts: have: been. suggested in the literature but the only one which has
tsen. tested: at supersoniéc: speeds to any extent is the parawing. These concepts
include inflatable:shapes with an:upper and lower surface: shapes which are
-pressurized by a-gas or:filled with a quick setting foam, Reseaich is at a
very early-stage on thess ideas and this study will not attempt to establisk
vhich concepts are practical or even feasible.

Also within:the class of expandable structures are the mechanically folding
vings. Unfortunately, a wing of very large area will require a number of
hinge lines or hinge axes in order to fold within a roughly cylindrical shape
for boosting. Such structures are not practical for this application:.

The -parawing; then, appears to be the most practical expanding structure for
flight. at high-supersonic or hypersonic speeds and high altitudes. The. typi-
cal rarawing consists. of a two-lobe. sail;-a keel, two leading edge booms and
two rpreader bars. The kéel, the booms -and the spreader bars can be inflat-
abie columns, but such a structure is not desirable for the HI-HICAT mission.
The-diameter of inflatable leading edgé..booms.must: be large in order to with-
stand; bending. loads; but large diameters result in a high drag configuration.
With rigid tooms, diameters of a few inches are practical which is about the
size desirable from a. thermodynamic standpoint.- A parawing design with rigid
leading .edge: booms is studied in-detail hefein and will be shown.tc be of
reasonable. weight. - - S R ‘

R e o : - . .
It is-desirable; in the 'interest of :structural simplicity, to -avoid 'a separate
tail for-comtro.. - .To achieve roll.corntrol, a pair of actuators could function
as controllable spreader bars by differentially varying.the sweep of the lead-
ing edge-booms, ILongitudinal control is more difficult and uncertain, unfor-
tunately... Reference 3 considers ‘the possibility-of installing cables which
pass through a tube along the trailing edge of the sail. These cables could
be reeled in or out to vary the camber of the parawing and hence generate a
varying pitching moment. Such a type of control is a distinct possibility,
but this unusual concept requires research. In the interest of providing an
aerodynamic control system which requires no research, a -separate tail is pro-
vided with both a horizontal and a vertical surface. Such a tail can provide
independent control about all three axes and allows the guidance system the
greatest possible flexibility. ' -

Rapid control movements are possible by utilizing tail surfaces of a delta
planform which have a. relatively fixed center of pressure and by rotating the
entire control surface about a line that passes close to the center of pres-
sure. Low hinge moments result and small actuators will respord rapidly
enough to control the dynamic motions of the HI-HICAT vehicle. -

The fuselage of the parawing vehicle studied herein, is a cylinder with a

conical nose for structural.simplicity. A nose .fineness ratio of about four
to one was chosen. A longer.nose ¢ould be used whicli would reduce the drag
at zero 1lift slightly, but if the nose is much longer some of the. propellant
would have' to be. stored in the. nose.in a. tapered ‘tank, an undesirable struc-
ture, since tank walls of varying thickness are required for minimum weight.
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One vertical tail mounted on the underside of the fuselage is used in the
paraving vehicle studied herein, T-tails would be structurally difficult for
the thermal enviromment to be encountered and only a slight reduction, if any,
in drag would be expected at high supersonic speeds. The vertical tail must

be located on the underside of tke fuselage instead of the upper since at hyper-

sonic speeds a dynamic pressure "shadow” exists above the fuselage at high
angles of attack,

Drm%ngs of the proposed parawing configuration are presented in Figures 4, 7,
and 8.

3.2.2 Fixed Wings

A separate tail does not appear to be needed for a fixed configuration. Many
1ifting bodies, planar bodies, etc., as wecll as existing supersonic designs,

have done wedl withoiut "a horizontal tail and with ‘only one or two vertical
fins,

The next consideration to shape the HI-HICAT vehicle is the observation that
vehicles designed for high supersonic speeds characteristically have a wing of
high sweep., Low sweep designs are conceivable, but the wing must be so thin
that it cannot contain an appreciable amount of propellants. For a HI-HICAT
vehicle striving for maximum range, designs featuring large internal volumes
are dezirable and for this, 1lifting body designs are eminently suitable,
Lifting body designs are being pursued vigorously and shapes having more
favorable lift-to-drag ratios are expected to be generated. A development
program leading to the production of HI-HICAT systems would be expected to
allow for a complete search of the latest available data and to also allow for
a moderate amount of wind tunnel tests on reiated shapes. Such a program

should result irn a shape of near optimum eéfficiency. The shape studied in de-
tail herein is presented in Figure 3.

3.2.3 Existing Vehicles

Two vehicles already exist which would be feasible at the lower altitudes of
interest, Unmanned designs were evolved in this Btudy because manned designs
are exceedingly complex and such vehicles will not be available in the near
future for flight at the higher HI-HICAT altitudes. However, a prime candidate
is the YF~12A aircraft at the lower HI-HICAT altitudes. It is capable of
ranges many times greater than that for unmanned configurations of reasonable
size, Much of the instrumentation used for other turbulence programs might be
adaptable, Obviously, it could generate data at mmuch lower costs at its
operating altitudes, Unfortunately, security pretvents a detailing of the per-
formance of this aircraft, Also, there is a question as to the availability
of this aircraft for turbulence research.

The other vehicle is the AQM-37A drone which is capable of speed and altitude
beyond Mach 3 and 100,000 feet., Its use at the lower altitudes is discouraged
by a range considerably less than the desired 350 niles, by a small payload

capability, and by the superiority of the YF-12A vehicle for the HI-HICAT
mission,
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3.3 PROPULSION SYSTEM

3.3.1 System Description

The proposed propulsion system for the HI-HICAT vehicle utilizes, wherever
possible, components of the AR-2 and the LR64-NA-4 (Rocketdyne Model Pi-1)
propulsion system or modifications thereof. The LR64-NA-U rocket engine is
used in tae Navy AQM-37A target missile and has completed over 300 flights,
The propulsion system consists of a cluster of eight LR64-NA-4 regeneratively-
cooled thrust chambers with incresced srea expansion ratio and a stecrable
propellant feed system. Modifications to some of the control compcients is
necessary to maintain low pressurs drop in the propellant feed system witn
the required higher propellant flow rates. Figure 9 is a schematic of the
complete propulsion system for the 1ifting body vehicle, The weight penalty
associated with highly-pressurized, noncylindrical propellant tenks is too
severe for the 1ifting body vehicle and a turbopump propellant feed system
has been added. The propellants are IRFNA and MAF-4 (oxidizer and fuel,
respectively), and the pressurant is gaseous helium., The propulsion system
is divided into two modules, the rocket engine assembly module and the
propellant fzed system module.

The integrated rocket engine assembly module consists of a cluster of eight
thrust chambers, an engine mount, two boost valves (one each, oxidizer and
fuel), two sustainer valves, a propellant manifold, an engine electronic
control package, and an electrical cable assembly., The module is identical
for either the parawing or the lifting body system except that a throttle
valve is added to modulate the sustainer engine on the parawing vehicle.
The throttle for the lifting body vehicle is part of the turbopump assembly
and modulates the sustainer engine indirectly by modulating the turbopump.

The integrated propellant feed system module for either vehicle includes a
fuel and oxidizer tank assembly, two propellant valves, two burst diaphragms,
a pressure relief valve, and a start valve. For the 1lifting body vehicle,
the propellant feed system module also includes a turbopump assembly which
consiste of a turbopump, a gas generator, two gas generator valves, and a
gas generator throttling valve.

Propulsion system operation for the lifting body will be conducted in the
following sequence:

1. Syestem Arming. Upon receipt of the arming signal from the aircraft,
the electronic package will arm the firing circuits. After the firing
circuits are armed, a signal will be sent to the aircraft to indicate
that the system is armed and the propulsion system is ready for
vehicle launch.

2., Propulsion System Pressurizing., After launch the start valve will be
actuated, gaseous helium will flow through the pressure regulator and
check valves, rupture the burst diaphragms, and pressurize the
propellant tank.

3. Propulsion System Start. Upon receipt of the propuision start
command signal, the main propellant valves are actuated and propellants
flow to the gas generator, One second after the turbopump starts to
accelerate, the booster and sustainer propellant valves are actuated
and propellants flow to all thrust chambers. The time required to
achieve 90 percent rated thrust is two to four seconds after actuation
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cf the stazt valves. The gas. genexstor throttling valves and the
cxirol sistem wiil regplste power to the twrbine. ¥or the pressure-
fed Rcwwing woptlsion system, the-start sequence consists only of
schmting the popellant walves.

k. Boost Ternimation. When the desired boost operating time bas been
sciered, 8 boost terximation sigmal will De received from the vehicle
fiight coetrol system Ty the electronic control package. The electronic
cxtroL pacage will close the boost valves. !!:etbrusttrmtbe
Looster tirost chasbers will decsy 0 zero and the sustainer thrust
chasber wiil continoe to operste at the thrust level commarded.

5. Sostainer Termimation. After boost termination, the sustainer thrust
chamber 3511 coxtinue to operate throughout its thrust rang~ &s cosmanded
Ty the rekicle fifigkt control system. The sustainer will operate until

$ seopellgnt depletion or until commanded to terxinate by the vehicle

T2igEt cogtrol systen. I comande? to terximate, the sustsiner and

9As gerersior velves will close.

6. ZPorging Sequence. After all the thrust chaxbers have shut down and
mwthemwmo!thepncmtemmseqmce,the
electrontic control paciage initistes and cortrols & purging sequence.
msttbemmmmmuisclmdmdmfmlmum
vaives are opened fcr z time sufficient to empty the tank and plumbing
sxd o redice the pressure in the tank to one atmosphere. After the
cxtZizer valves close, the fuel systdm is purged in a similar manner.
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‘ Xoxingl performance stmmaries, Figures 10 to 13, have been prepared for ths
i Trogulsion system operating during the boost phase and during the sustaiu
hare. Tt w11 be showm in Section 5.2.X that eight rocket chambers resuit
innu:cpt‘;m‘boostpzrfm Only one sustainer is considered in the

mm‘mmm'bemqnimdfor cruising at very high or very
dow FI-ZICAY sltitudes.

.

- Bocket engine perforzance vas determined from Pi-1 production verification
Zests. These tests, which sizulsle AQI-3TA target missile flight eission
dziy cycle st asbient conditions, have been performed on €2 Ph-1 propulsion
systoxs. PBooster performsnce generated during those tests was extrapolated
€0 aititode conditions with ile larger expension ratios propesed for this P
ST-ZICAY systex. (The Ph-1 booster hms a 6.%:1 expansion ratio.)

Specific Ixpuise variations during sustainer rocket engine throttling are
smll, In the paraving systen the throttle valve will be-designed to
mintﬂnamtmtmnﬁotothewmthrw@mthe
terctiling. range. Mtet‘ally._ dfﬂ'"—*"“"illiu'*eas‘ only 2
seconds for mixture retics InG 2.0 10 3.2, anz w11l ‘Mweonlylsecond
fmmpreramafrmTtomOpsh. Intheliftingbodysysm, the
i smtm‘t.ingmnnnbemdtoprwideamtmntioof0.0Btothe
m:bmmsemmtomtrolmmtmucmdeaby
controlling propellant flow to the ges generator. Thrust chamber mixture
retio then is controlled by fixed calibration devices dosmstrean of the

Fropelisnt prmp.




THRUST, POUNDS

4500

4600

4200

-~

PROPELIANT TANK PRESSURE 430 PSIA , 1
AMBIENT TEMPERATURE 0°F z :
TOTAL PROPELLANT FLOW 19,25 LB PER SEC '
MIXTURE RATIO 31
/ EXPANSION RATIO
BOOSTER CHAMBERS 14,0:1
SUSTAINER CHAMBER 23,5:1 ‘
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FIGURE 10, PARAWING VEHICLE BOOSTER PERFORMANCE
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THRUST, POUNDS

PROPELLANT TANK PRESSURE 465 PSIA

AMBIENT TEMPERATURE 70° F|.

TOTAL: PROPELLANT FLOW 2.43 LB PER SEC
680 J— MIXTURE RATIO 3:1

EXPANSION RATIO 23,5:9
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FIGURE 11, PARAWING VEHICLE SUSTAINER PERFORMANCE
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THRUST, POUNDS

5800
5600 |- : =
CHAMBER PRESSIIRE 245 PSIA
AMBIENT TEMPERATURE 7€ F
5400 TOTAL PROPELLANT FLOW 22,02 LB PER SEC
MIXTURE RATIO 31
EXPANSION RATIO ]
BOOSTER CHAMBERS  14,0:1
_ SUSTAINER CHAMBERS  23,5:1
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FIGURE 12, LIFTING BODY VEHICLE BOOSTER PERFORMANCE
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THRUST, POUNDS

760
CHAMBER PRESSURE 245 PSIA

40 AMBIENT TEMPERATURE 70°F
TOTAL PROPELLANT FLOW 2,75 LB PER SEC
MIXTURE RATIO 3:1
"EXPANSION RATIO 23,5:1
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FIGURE 13,
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LIFTING BODY VEHICLE SIJSTAINER FERFORMANCE
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The propellant flow required for the propulsion system with & turbopump
installed is given below:

Kuiber of Main Propeliant Ges Generstor
‘Chanbers Flow Rate Flow Rate
Thrust Firirg (3.0 Mixture Ratio) (0.08 Mixture Ratio)
5660 1b 8 22.02 1b per second 0.622 1b per second
595 1 2.280 0.2905
340 1 1.303 0.0776

During. sustainer engine throttling, the rocket. chamber pressure can reduce
to 86 psia &t 250 pounds of thrust. The.chamber injector inlet pressure at
this thrust level is 115 psia. Referring to Figure 1k, the maximum propelliant
temperature at this pressure is 250°F and 335°F for the oxidizer and fuel,
respectively. If the propellant temperatures exceed these temperature
limits, propellant boiling will occur and the propellant injection "into the
thrust chamber will be two phase (gas and liquid). The two-phase propellant
injection will result in coambustion instebility or chugging. The oxidizer
will experience a 110°F temperature rise through the cooling Jjacket. There-
fore, the maximum propellant inlet temperature of the rocket engine assembly
must be maintained at less than 140°F. The fuel temperature is not as
eritical to combustion instability as the oxidizer. However, if the fuel
temperature is allowed to vary significantly so that there is a large
differential tempers’ure, the mixture ratio will vary and will result in the
prenature depletion of one of the propellants.

3.4 IAUNCH SYSTEM

The launch sequence proceeds by the pilot entering the launch maneuver at a
given speed, altitude, heading, and geographic location. He then pulls

up the aircraft through the preset launch attitude angle at which point the
HI-HICAT vehicle is released in & steble attitude from the launch pylon

with the guidance and control equipment in operation. The launch pylon will
contain jettisoning equipment only if detail analysis or tests show inadequate
separgtion. At this point, & trapeze arrangement which drops down upon
receipt of the launch command appears to be adequate. Propellant tank
pressurization and propulsion system operation begin only when the vehicle

is separated from the parent aircreft by a distance of at least 100 feet.

The F-UC is the preferred launch aircraft. It has a large store carrying
capacity and considerable excess thrust in the supersonic £light regime as
compared to other supersonic fighters in the Air Force and Navy inventory
with the possible exception of the YF-12A long range interceptor, an aircraft
whoge performance is subject to extreme security and whose availability is
uncertain. A standard centerline store for the F-UC is a 600 gallon tank
which is easily accelerated to high supersonic speeds. The drag and weight of
the recommended HI-HICAT vehicle 1s less than for this store, which assures
the adequacy of the F-4C store carrying abilities. Figures 15 and 16 are
drawings showing ground and aircraft clearances with the proposed HI-HICAT
vehicles installed. Note that the vertical fin of the parawing vehicle must
be folded to provide ground clearance. The hinge line is canted so that
serodynamic forces can force the fin into & down and locked position before
launch,
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A larger HI-HICAT vehicle with a socewhat greater range could keve Zeen
designed for & supersonic lsunch from tke B-58 bomber. The cost of cgerstirg
this eircraft elaminated it froo further consideretion. Studfes capleted
by Booz-Allen Research, as reported in Reference L, genersfed cost figmes
for a B-58 bomber operating as & launch platform for & high eltitode ote.
The probe has & Castor rocket as a first stage and was lsruched &t a speed

of 2000 fps and an altitude of 40,000 feet. Spresd over €0 larmches the
‘cost for aircraft raintenance, fuel, oil, crew, and aircrafi modifications
was $14,000 per launch, an excessive figure.

The P-4C is normally equipped with the devices which are desirsble or
necessary for an air launch. The aircraft bas an inertisl zzvigation azd
attitude reference system which consists of two seperate gyro reference
components and & navigation computer. The inertisl ravigation set AN/ASN-A8
is the prirary azimuth and attitude reference device; it £lso supplies
direction, vélocity, and distance inputs to the navigetion cagputer AN/ASN-35.
The AN/AJB-T is the standby attitude reference componsnt and glso supplies
information for various bombing raneuvers. The nevigation cooputer recsives
inputs from either the inertiasl nevigation set or the eir date carcputer.

The navigation computer system makes the following computations during
flight:

1. Present aircraft latitude and longifude.

2. Aircraft ground track angie relative to cagnetic heading.
3. Aircraft great circle distance from base.

i, Aircraft great circle bearing to target or alternate base.
5. Aircraft ground speed.

The bombing computer function of the AH/AJB-T includes a rslease angle conatroi
vwhich is applicable to launching the BI-EICAT vehicle. The low angle control

cen be get to angles from 0 to 90 degrees and will automatically release the
store at the preset angle.

3.5 RECOVERY SYSTEM

3.5.1 Design Factors

The HI-HICAT vehicle is designed to be recovered. Drone type vehicles are
sometimes expendable when simple on-board equipment ahd- high production rates
rermit low unit costs. Unforturnately, the conditions favoring expendability
do not apply to the HI-HICAT system. Another variation of the expendsbility
concept is to recover only the nose cone unit with the instruentation and
guidance equipment installad. The recovery peckage would weigh less, but
otherwise the recovery requirements would remain the same. This corcept of
pertial erpendability is also rejected since the cost saving in reusing all
systems iz believed to outweigh the disadvantage of increased recovery weighnt.

Another design decision which was faced was to choose between a parachute

recovery or a glide~down followed by a horizontal lsnding. Idsted below are
the disadvantages of each technique compared with the other.

Horizontal iandings:

1. A flare ie required Just before touchdown to reduce the rate of descent
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The sequencs controller will perform the followirg functions for the rscovery
systen in the meanner stated:

1. JAm the deployment syste= cfter the vehicle has passed to an altitude
above ths recovery iritiation altituds by receipt of a signal from
the BI-HICAT guldsucs and control systen.

2. Provids sensing of the predstermined deplcyment initistion altitude
with 2 teroswitch.

3. Provide an electriczl signal to the wing rsleass device.

4, Provide en elsctrical sigral to the drogus mortar pyrotechnic,
initiating it shortly after the ving release is effected.

S. Provide a signel for activating the chaff pacikags.

6. Provide a six-second timze delsy after the drogue deploy signal to
arn the 45,000-foot taroswitch. This delay assures a safe level of
dynaxic pressure for the rain deployment when the beroswitch is armed.

7. Provide sensing of the 45,000 foot altitude point with-e-teroswitch,

8. Provide an electrical signal to the drogue discommect dsvice pyrotechmic,
initiating it, releasing the main parachute co=partzent door and deploy-
ing the rain parachute assexbly.

9, After parachute deployzent, the pickup chute reefing line cutter will
actuate, disreefing the pickup chute,

19, Cut the r2in cimte reefing line after the pickup chute disresf, 2llowing
full infletion of the r2in chute asse=bly,

1), Prcvide an electrical signal to the m2in chute aft section releess
device, actuating it and transferring the parachute attacizent to
the foruward attach point.

12, Provide en electricel sigral for disconnecting the parachute, sghould
the iarding occur without & successful zeriel pickup.

The sequerce controller utilizes extremsly rugged end relieble pyrotechnic
suitches to achieve btoth the electricel siltching end sequentisl tire deleys.
To further entancs relisbdlity, a2 dual systez is emloyed such that ro single
malfunction will result in e system failure,

Tee power mpplies consist of sealed recrtargeabie nickel-cadzium tetteries,
ore for each of tke redurdant seguernce controllers to essure depsrdable
cperation in g sp2ce envircmment, exact rectargirg cspacities, ard long stelf
1ife.
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SECTION b
STRIUCTURAL ANALYSIS

4.1 THERMODYNAMICS

4,1.1 Paraving Vehicle

A rockst powersd vehicle must be fioun at high spesds to maintein flight at
oextrsms altitudes. High spseds, kowaver, result in a multitude of thermc-
dyrazic problems, Table 2 indicates the rapid rise in skin tamperature as
the cruising ¥ach muxmber is increased. These temperaturez are based on
radiation equilitrimm for an insulated surface with an emissivity of 0.8, and
thsy would be closely approachsd during the cruise., It is evident that thers
will be a tradeoff between a high speed for longer ranges and a iow gpeed in
order to reducs the thermodynemics problems to a minirmun.

Eot spots will exisi at points betwsen the fuselage and ths parawing where
the radiation visving sngles are restrictsd. Unfortunately, the temperature
enviroment for complex shapes is difficult to aralyze. 9Hot" tunnel tests
vill be required for a parawving vehicle which may mot be necessary for a

1ifting body vehicle,

The cesign philosophy being followed is that heat shield rateriel will be
used on a faw critical arees, sspeclaily the titaniun leading edge booms for
ths paraving and the hot spots btetwesn the fuselage and the parswing. This
material can be either paseive insnletion or an active raterial which
undergoes chemical or physica)] changes such as sublization. Detail caicula-
tions relating ths thickness o2 the heat shield zaterials to the cruise
speed bave nol been attempted in this study ard are best delayed until the
development of a HT-HICAT vekicle,

Yo 21d the analysis of the pressurizztion ard cooling system, the tecperatures
&long the fuselsge nose cone were dstailed-for tks rost sdverse cruise
cordition that is 1ikely to be encountered. The parawing, when extended at
t!'.ebegimingcfcmio,zycﬁmmmﬁdsataa&glscfattac’zasmgh
as L0 degrees at 200,000 feet at Mach 6, Ths pcse cone skin tezperatures for
this condition are given in Figure 18 where the heating rate wvas eszi—ed to
vary redielly eccording to Lee's laminer heating Sistsibution

L.1.2 Lifting Body Vehicle

Tke radistion equilitrium terperatures for & 1iftirg body are presented in
Figure 19 for ¥zch 3.0 at 70,000 feet and Mach 8.4 at 175,000 fest which
represeat two extrezes in the flight conditions., It is evident that the
tezperatures are extremely high at ¥ech 8.% end tkat this spesd is not 2
practical craise condition. EHowsver, compared to a perewing vehicle, tbe
1ifting body vehicle kas advanteges which would permit higher cruise speeds,
¥or ope, it is & configuration for which a large zzoumt of test data is
aveilable. Eence 2 grester degree of certainty can be established for the
r2gnituds of the thermal envirormment. For anothsr, tkere are mo ket spots
such as exist between the parawirg and ths fuselage. £And firaliy, tke tody
gtzpe is nore corpect and #t can be protected rore readiiy with peat shield
raterials.
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TABLE 2

AI-EICAT PARAWING VRAICLE ‘
RADTATTON EQUILIERIUM TRMPERATURES

Altitude [ 70,000 Ft 130,000 ¥t 200,000 Ft ;
¥ach 3 4 5 b 5 6 5 6 T }1
Angle of Attack| ° 3° » 20 2% 2 | 300 3> 30

' |
gee;éﬂigm 650°F 1160°F 1TT0°F] 1370°F 20500F 28100F| 21000F 28500F 35100F } !
Q-Ball 620 1090 1610 {1100 1536 1950 |1170 1470 1760 B
Peraving

Leeding Edge 500 1010 1460 | 950 1300 1630 | 950 1180 1420

Stebilizer
Leeding Edge 630112)1670121017102201&001750213)

Vertical Fin
Tesding Edge 520 1100 1610 (1170 1650 2130 [13t0 1680 2020

TSPy NIRRT

Puselage Botton

X=5F 505 80 1200 | 550 70 80 | L0 610 T ;
X=10Ft 515 850 118 | ko 60 800 | k50 sk 60 i
* Z-Longitudinal distznce fron nozs ‘
|
GEOVETRIC DATA
Diz—eter Sweep
Q-2a11 2.5 m. = ]
Parewing Iezding Edge b (cinirem) 55 Deg i
Stebilizer Ieeding Edge 0.15 k5 |
Verticzl Fin Iezding Edge 0.3 & b
Eoly 19.0 - '
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4,2 MATERTIALS

4,2,1 Parawing Véhicle

The fuselage of the parawing vehicle, shown in FPigure 7, can be broken down
into three assemblies, They are the aft section and control surfaces, the
propellant tanks, and the forward section.

The fuselage aft section supports the control surfaces and houses the rocket
engines, recovery System, and control actuators. This section is constructed
of Ti-6A1-4V titanium because of its superior strength-to-weight ratio at
temperatures below 700°F as shown in Figuve 20. Inconel alioy 718 (an age-
bardenzble nickel chromiuwa alloy) was considered, tut as average skin temp-
eratures below 7000F were predicted, titaniwr was chosen. Structurally, the
aft section is designed to withstand the thrust of all engines and the
varicus loads induced by the comtrol surfaces. An estimated average thickness
‘of 1/ fuck of sitica fiber insulation is provided.

Trze aft control surfaces ere constructed of Inconel allcy 718 except for their
leading edges and tips. These are fabricated fron Hastelloy X (e nickel base
alloy) becaunse surface temperatures in excess of 1L00°F are anticipated.

The propellant tenk section consists of tws cylindrical tanks end to end
sharing one common bulkhead. The fuel and oxidizer are forced from their
respective tarks by high pressure heliwa through outlets in the botton aft
part of each tank, Hard points are provided at either end of the tanks to
bolt on the parawing. Tne propellant tank sheill is welded from PH13-84%
forgings (ellipsoidal ends and common bulkhead) and PH14-840 sheet (cylindrical
gections). Selection of the FH13-840 tankege structure results in high
strength, a high degree of toughness, and coopatibility with both oxidizer
and fuel, In addition, thase materials are relatively easy to mzchine and
weld and bave good high teoperature properties. The decision to use these
eaterisls was based on & comparison of high-strength alloys of alvmimrs,
steel, ard titandiva, Titanium camnol be used because it is not cozpatible
vith the oxidizer. Alu=minus tepks would be heavier then those fabricated

of steel. The use of 17-4PH and 17-7PH in condition TH1100 is a possibility,
but higker strength can te obtaired with PH#l3-8% and PHIY-85. Maraging

steel has aftractive strength properties, ut -auses decozposition of
brdrazine~type fuels,

The present tank éesign calls for an estirated aversge thickmess of 1/% inch
of Armstrong Insulcork 2755 or equivalent. It is believed the 75 pounds of
weight associated with the cork insulation can be reduced drastically by a
low density insulation wrapped with a protective coating., However, this
possibility was not investigated in sufficient detail for inclusion in this
study.

Ho internal bledders, screens or other devices are conterplated which would
retain propellants at the tank outlets during negative accelerations., In
caln air, the flight path accelerations are such that a positive load factor
is caintaired at 211 tires, At supersonic speeds, turbulent air is highiy
unlikely to result in regative accelerations, even instantaneously.

The foruward section of the fuselege includes a titaniuwr cylindrical skell,
located between the rpose cone ard the tazks, \ich touge: thke 2attery pack,
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and the pressurization end cooling system. The forwerd section also includes
2 nose cone of Inconel alloy 718 which houses the instrurentation, guidance,
and control equipment. The forwerd section structure is designed to withstand
loads induced by the air snatch durivg the recovery phese. The nose cone must
withstand high eerodynanic loads daring the toost phaze eiong with temperatures
that becoze very high near the tip, A Hastelloy X Q-bell (see Section 7) is
mounted in the tip of the nose core. For servicing and celibrating, the nose f
cone can be rezoved to expose tho instruzentation, guidance, and control /
equip—ent which is mounted on & titeniun bean. 2n estirated average thicknass
of 1/l inch of silice fiter insulation is required.

Different size parawings would be instelled depending on the planned altitude
for cruise, Tre maxiram area parawing is shown in Pigures 4 and 8. The
parawving consists of two leading edge booms which are elliptical sections of
Pi-6A2-LV titeniun, two spreader bers of L-605 alloy (en austenitic coltalt
tase elloy), a conbined keel and deployrment actuator of Ti-641-4V titanium,
and a single-ply, retel fabric sail. The fabric is woven froa fine wire of a
nickel-chroniun btesed alloy having a diareter of cne mil or less, Two kinds
of silicone rubber are used, ozs for impregrating end seturating the retal
faebric and the other for en ablative heat shie¥d. The ablative rubber can
resist extrezely high te—peratures waile raintaining the temperature at the
interface between the cher and parent elastczer at 11000F (Reference 3).

I
L
i
i

The seil raterizl weighs 0.26% pounds per squere foot and-has a yield strength
cf 278 pounds per Zuot. The leading edge booms sre designed to withstand
bending loads sbout the spreader ters and about the hinge pins under a 3g

sail load, Tpese boons are thercz2lly protected by the sail raterisl wrapped
arvound their lesding edges. The spreader bars are constructed of L-605 alloy
beczuse of their s=z211 Gieceter and low sweep epgle which cause the stegnation
tecperature to exceed 150007, They holc the leading edge boons in the deployed
attitnde and cavry primarily a colu=n compressive loed, The peracing keel is
desigred to resolve the bernding loads at the hinge pins into loads at the
fuselage berd points, and to secure the seil at the centerline of the parawing.
It also serves as tke cylinder for the paraving deployment actuator. The
deployrent a2ctuator is operated by high pressure heliuz froz the fuel expulsion
systen, The actuator push rod coves a slide which is attached to the spreader
bars, thereby deploying the parawing.

4.2.2 Lifting Body Vehicle

Toe second vehicle that was studied was 2 1ifting bedy configurztion as
presented in FPigure 3. This configurztion hzs its lower surface, forward
upper surface, vertical fins, and contrcl surfaces constructed of Inconel
alloy 718. This 2lioy is utilized because of surface terperatures in excess
of 700°P in these areas. The aft upper surface, the immer skin and tte
internal structure, with the exception of the oxidizer tank, are con-
structed of Ti-~6A1-4V tivanium. In these areas tke expected terperatures
are below 700°F ard titenium has a better strength-to-weight ratio. Tae
velicle is insulated by an estirated average thickmess of 1/b inch silica
fiber insulation bonded to the inmer surface of the outer skin.




The instruzentation, guidance ard control squimment is located ir iEe formumrd
part of the vehicle. Ths irdividue] comporents are momited on & titacfon keed
for mechanical support. %he nose can be removed intact, therely exposirg the
squipment for easy maintenancs and checkout. A&stencyIQ-m.lismzted
inthetinofthemsecone.

The control surfeces are constructed of Inconel 2lloy 718 skire a=d vils,
The vertical fins sre fixed to the aft sides of the vzhicle, Tkey Bave ;
surface skins of Incone) alloy 718 end & koneyeemb core. 4
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SECTIC 5

SESTEM FERFORMANCE ANALYSES

5.1 ARODINAMGCS

Supersonic force daia ere presented in Pigures 21 to 28 for both the 1ifting
body asd the perewing vehicles. The dele for the parswing is split into
fuselege, wing and tail cozponernts because eny size parawing cay be installed
uwp te a2 certein caxdrum size and elso teceause of the dif’erent trinm angle re-
aw’ ecents for the horizontel teil. Interference drag was szall enough to be
neglected, Iy=e of the data arz presented in terms of the norpal force co-
efficient, GH’ end the drag at zero 1lift, CD . The 1ift and drag coefficient,
o

CL and CB, are easily derived as
(‘l = CH Cosgy
CD = CD + CH Sing
o
where o is the angle of attack.

The normal force characteristics of the lifting body vehicle were obtained from
Reference 5 by assuming that the vehicle could be simulated by a delta wing of
the same planform and dimensions. The drag at zero 1lift was taken from wind
tunnel test data.

The fuselage normal force data for the parawing vehicle were taken from Ref-
erence 6 while the tail 1ift and drag data were taken from Reference 5,
Parawing characteristics were taken from Reference 7 assuming a canopy infla-
tion angle of 100 degrees. Since the data in that reference was test data
taken at Mach 6.6 only, it was modified for Mach number by assuming that, at a
particular angie of attack, the test values could be multiplied by the ratio
of 1ift for a flat plate at Mach numbers of 1.5, 2, 4, or 6 and lift at the
reference Mach number of 6.6.

In order to find the tail 1ift, it was necessary to deterrine the tail angle
required to balance out the aerodynamic moments about the vehicle center of
gravity., The necessary moment data for the fuselage was taken from Referencé
6. The required tail angles presented in Figure 29 were calculsted for the no
wing case. At intermediate altitudes where a small wing will suffice, the
wing can be placed ro as to maintain the same rela%ion between the angle of
attack of the fuselage and the angle of attack of the horigontal tail., How-
ever, when the largest wing is installed, the same relationship zannot be main-
tained, For this configuration, it was found that the following formulas for
the 1ift, L, and the lift-to-drag ratio, L/D, could be used with sufficient
accuracy for the performance galculations:

L =1.3L

wing
L/D (1/D)

wing

The aerodynamic data takes the usual form expected acs the speed increases in
the supersonic regime: The 1ift curve slope and the lift-to-drag ratio fall
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off genezrally with Mach number, The resulting lift-to-drag ratios, although
reasonable for the parawing vehicle with or witnout a wing, appear to be some-
what low for the 1lifting body, being only slightly above 3 at Mach 4 and 6.

The cross flow assumption used herein for calculating the drag may be pessimis-
tic, especially at the lower speeds, There is, however, no test data for
1ifting bodies at the speeds of interest and the present data is applicable
only to hypersonic speeds., A developrent program for a lifting body vehicle
should provide for detailed aerodynamic analysis and wind tunnel tests on
variations of the lifting body shape to achieve higher 1lift-to-drag ratios.

5.2 PERFPORMANCE
5.2.1 Boosgt Performance

Bocst itrajectories were calculated for both the parawing and the lifting body

vehicles for a variety of initial weights, final weights and launch angles.

A Lockheed computer program was available, Reference 8, which was readily

adeptable to the study. It incorporates thé normal trajectory equations for

a point mass and inciludes refinements such as allowing for a spherical earth.

The program adjusted the rocket thrust level with altitude so that it approxi-

mated the variation indicated in Figures 10 and 12 (for eight thrust chambers).

The drag was derived from the expression CDO Sq where CD is the drag coefficient
o

at zero lift, S is the reference area and q is the dynamic pressure. Small
variations in CD and S would result from the installation of different sizes of
o

parawings which would be folded back along the top of the fuselage during boost.
This variation has only a small effect on boost performance and was not ac-
countes for.

The launch maneuver is a pullup from level flight to the reguired launch angle
and always begins at the same entry speed and altitude. An entry altitude of
35,000 feet was chosen since the launch aircraft, an F-LC, is known to achieve
its best supersonic acceleration rate with a 600 gallon tank as a centerlire
store at gltitudes near 35,000 feet. The selection of the entry speed was also
basedq on the supersomic acceleration of the F-4C aircraft with a 600 gallon
tank. Higher speeds are possible, but the chosen velocity of 1900 fps is be-
ljeved to be about the highest practical.

Speed will be lost and altitude gained during the pullup to the launch attitude
angle as shown in Figure 30. The loss .a velceity during the pullup to launch
is taken to have a value somewhat less than that for an F-104 aircraft launch-
ing two large rockets from its wing tips. Less velocity loss exists for the
FP-4C uircraft because the F-U4C has more excess thrust than the F~104. The
F-104 duta was obtained fror coumputer trajectories and is available in Refer-
ence 9. The load factor dur’ng the pullup would be 3g, the maximum that the
HI-HICAY ¢ebicle is designed for. The altitude gain was also taken from the
I-10% data but no allowance wes made for the higher excess thrust available for
the F-4C since the difference {s minimal.

O iy
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Figure 31 presents a typical time history of a high speed, high altitude tra-
Jjectory. These trajectories were calculated for the case where the sustainer
engine is shut down wntil the cruise altitude is reached. However, the
propellant feed system can be simplified if the sustainer is not shut off and
a positive lougitudinal acceleration is maintained. The difference in boost
performsnce would be minimal,

Plots summarizing all the boost trajectory data are presented in Figurer 32 and
33. The mass ratio given in the figures is the ratio of the wrights at tae
beginning and end of boost. Note that the 1ifting body vehicle takes slightly
more propellants to reach cruise speed, because both weight and drag are
slightly higher.

Calculations were completed for both eight and nine thrust chambers for the
varawing vebicle. These computations indicated the increase in performance
resulting from the addition of another chamber was small and that eight was
near optimuz, Calculations were also completed for two different initial
welghts, 2507 and 2724 pounds, again for the parawing vehicle only. The
difference in performance was too small to be plotted in Figure 32.

5.2.2 Range
The cruise range was computed from the formula

- L
R=1IV E) (Cos q) +Sin§1aog (wo /w‘])cruise

where R is the range, I is the specific impulse, V the cruise velocity, a

constant, and Ws and NH are the vehicle weights at the start and end of

cruigse, respectively.

Since each calculation was completed at a constant angle of attack, a cruise
climb condition results in which the altitude increases as the weight of
onboard propellants drops. The results of these calculations are presented
in Pigures 3% to 36 where tihe altitudes indicated are values obtained at
about the mid poirt of the cruise. The masg ratiq in the figures is defined
as the ratio of the vehicle filled with propellants at the start of the boost
to the weight empty. Hence these plots have taken into consideration the
propellants uwsed duripg the boost,

Range was calculated for only the no wing case and the case where the largest
parawing is installed as plotted in Figures 34 and 35. The parswing vehicle
with intermediate sizes of parawing will achieve ranges greater “han those
presently plotted at altitudes between 130,000 and 170,000 feet.

The range plots indicate higher cruise speeds should be selected at the higher
altitudes, Part of the increased range at higher speeds is due to the con-
siderable increase in range possible by allowing the HI-HICAT vehicle to de-
celerate at altitude to Mach 1.5 or to an angle of attack of SO degrees. The
maximum attitude angle was selected arbitrarily but the Mach 1.5 condition
exists because the recovery requirements and the desire not to fly at tran-
sonic or subsonic speeds,
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The range available during deceleration is indicated in Figure 37 for the
lifting body vehicle. This range is important at higher cpeeds since it is
increasing as the velocity squared as indicated by the relation

av?
a

dRV%=W%=W

where

= D
a L &

and where a is the longitudinal deceleration and g the acceleration of gravity,

The weight statement of Section 9 indicates mass ratios of 2.77 and 3.24 for

the parawing vehicle with and without the large parawing. The mass ratio
is defined as (W_ /W)
o' "1’overall

where

Wo = Wp + Wh + W1.

Wb and Wh are the weights of the propellant and helium, and Wb and W1 are the

full and empty weights, respectively, Unfortunately, in deriving the mass
ratio for the lif'ting body vehicle an allowance must be made for the propell-
ants consumed by the turbopump., The parawing vehicle uses a highly pressurized
tank and does not suffer this particular decrement in available propellants.
This consumption of propellants averages about 6 per cent (125 pounds of
propellants) of the total propellants used, making the effective mass ratio

of the 1lifting body vehicle about 2.7.

Using the above values for the mass ratio in the range plots would lead to the
conclusion that greater range can be achieved with the parawing vehicle. It
should be emphasized, however, that the aerodynamic characteristics of the
lifting body vehicle were not optimized and that, indeed, superior versions of
the vehicle are being continually developed.

5.3 STABILITY

The longitudinal and lateral stability of the 1lifting body configuration that
vas used for this study has beer demonstrated by test data, This configuration
has static stability and requires trim type actuators only.

The longitudinal stability of the parawing vehicle has been investigated in a
preliminary manner by analyzing the stability of the vehicle without wings and
with the maximum wing area: The method of Reference 10 indicates that at low
angles of attack the wingless vehicle will be longitudinally stable at all the
Mach numbers of interest., At higher angles, the stability was investigated by
increasing the vehlicle angle of attack from the trimmed conditicn while hold-
ing the angle between the tail and body fixed, then determining whether the
resulting force on the tail and body was such as to bring the vehicle back to
the original angle of attack. The results of the analysis indicat=: thuat
although the vehicle has longitudinal static stability with the macimum wing
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FIGURE 37. LIFTING BODY VEHICLE RANGE DURING DECELERATION

73

200




area, it will be statically unstable at high angles of attack, exceeding 10
degrees, if flown without wings. This instability can te corrected by in-
creasing the size of the horizontal tail fins. However, it should be noted
that even when the vehicle is unstable it is still controllable (with an
autopilot) since the horizontal tail angles required from trim are not ex-
cessive, This situation is not uncommon in missile designs.

The lateral stability of the wingless parawing vehicle has been investigated
using the tail data of Referencel0 and the centers of pressure data for the
gideslip forces, Reference 5. It has been established that the wingless
vehicle is stable to lateral deflections. Since the center of pressure (for
lateral forces) of the wings will be behind the vehicle center of gravity,
the winged vehicle should also be laterally stable.

Roll stability of the winged vehicle should not present any problems, as the
momznt due to the vertical tail will be balanced by the moment due to the
parawing, However, if the vehicle is flown without a wing, the fact that the
vortical tail is on the bottom tends to make this version of the vehicle
inherently unstable during rolls, Since the entire area of both horizontal
tails can be moved separately, this roll irs'.ability can be controlled by
pitching tbz horizontal tails jin such a manner that they provide a moment
that balsnces the roll moment due to the vertical tail.
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gt the high frecuencies of interest (of tke ardsr of 10 cjs). This “adlirg is
éze to etmocpberic turtmleznce and otker difficu)iiss which limit accwracies to
a feu perts per million (Beference 11) for evex the most sophisticated of &ri-
er.gnlaticnrad_. &cnenargmt.nnicauesthec.sirabe“‘ynfh:nnge
ﬁm@@,m&@@l@wﬁmmxmcf&em@redm
instrumentation cam then be shered with the guifz-ce equipment,

An Spertizl pavigation syster will be shoun to be practical in this stedy, It
isasys@whichmbeccmple?elyimpeaﬁsntcfintemgmraﬁatedfm
tre groumd, Eowever, it is dzered wise to grovide for ground conirol commznds
to override tkose from the irnertial eguiprent in the interest of increased re-
_..abﬂ«‘y. &i‘mitteﬂy, itional costs will be incmrrad t Gy requiring rsdsr
endfor telexetering receiving stations, but it is better to provide for a
Somotion whisn ma-oe m'la'{’1g'p1': 1i%ttle wehicle eq—_p_-.megt tz:_an tfy %0 234
this functicn et 2 later date.

In inertied pevigation systexz is self-contaired end 211 the data receasury for
cevigetion end control of the wenicle in flignt is calculated znd progrer—ed
into tkhe systen's co—puter prior to lsunch, Tke ipertiel pevigation systex
can then deter=ire dev*atz.ons in heeding end attitvde, end entomstically
cperate the control surfaces to stebilize the vebicle and correct its course.

Since precision cozputing is not necessary for pavigation or Ip-flight conirol,
it is pot necessary t - install a large cocputer in tke vehicle. A sz2ll
cozputer and irertial platform with precision sensors to provide data for tele-
retering and guidance is al' that is recessary. Such small inertial systecs
called ICI (Low Cost Inertial Havigation .ystems) have been developed recently
by a nuaber of cocpanies such as Teledyne, Lear, ard Kearfott.

Thege inertial navigating systems are small and lightweight. The Teledyne
system which was selected for this stuiv weighs only “en pounds. It coneists
of three vnits; an inertial sensor, a small reference carzputer, and a power
supply in a single package az illustrated in Figure 38. The system charac-
teristics are listed in Table 3. A small inertial platform is the hear%t of
the system and weighs only 5 pounds. The stable element consists of gyros
with two degrces of freedom and three accelerometers mounted in a four-gimbal
arrangement,
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At altitudes epproach’- '0 feet, the atrzosphere is too thin to meke
pressure altitude mea. .o with barometric altireters. By integrating the
outputs of the »latf. «rtical acceierometer as shown in Pigure 39, the
altitude can be caleu’. :_u. Integrators used for this purrose are subject to
dxift and produce an zltitude error which increases with time. Usually an
external reference such a- a barometric altimeter is used to damp the altitude
integrator output. The integrator error is limited by the short duration of
the HI-HICAT missions, and if a barcmetric altimeter is used to damp the inte-
grator signal up to 70,000 feet, the altitude drift error is limited to approx-
imately 5000 feet rms at 200,000 feet altitude.

6.2 GUIDAKCE SYSTRM

Pigure 40 is a simplified functional block diagram of the Teledyne inertial
guidance system and the control system for “he parawing configuration which
has two horizontal stabilizers and one vertical fin. Figure 4l is the block
diegram for the lifting body configuration which uses the same guidance system
but uses a control system for two elevons.

The two gyros on the platform provide a three axis space reference for the three
accelerometers which detect errors in the desired flight path by measuring
lateral, longitudinal and vertical acceleration during the vehicle's flight.
A computer is necessary to calculate vehicle position relative to earth's co-
ordinates. Attitude reference signals are obtained by torquing the vehicle
platform to maintain a local vertical.-.- ¥ith such local vertical sensing
systems the synchros on the gimbals provide a direct readout of the vehicle
attitudes which can be used directly by the flight control system. The atti-
tude signals are used by the servo actuators to maneuver the control surfaces
and correct the vehicle's course. Summing emplifiers add the pitch and roll
signals so the horizontal stabilizers can coatrol roll and pitch together.

For gust measurements a constant vehicle speed is desirable. Figure U2 is a
block diagram of a velocity and rangc control servo. The vector sums of the
platform X and Y accelerometer signals are integrated to obtain vebicle actual
velocity. This velocity signal is compared with a preset velocity signal and
the difference produces an error signal which controls a servo mechanism oper-
ating the engine throttle to increase or decrease vehicle speed. This same
block diagram also illustrates one method of shutting off the engine as it
appreaciies the recovery area., The actual distance traveled by the vehicle is
obtained by integrating the acceleration twice and comparing the resulis with
a range signal in the computer. When the distance traveled signal becomes
greater than the preset range signal, it is amplified to operate a solenoid
type propellant shutoff valve. .

6.3 COMMAND SYSTEM

There must be some methou provided whereby personnel conducting the tests can
abort the mission at any point should conditions warrant., This will require
a command receiver, decoding circuitry and some type of input into the contrcl
systems. By transmitting the proper command from the ground, the launch
aircraft or the recovery aircraft, the HI-HICAT propulsion system can be shut
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dowr. Also other commands can be provided as desired but these are presently
limited to a heading change and recovery initiation override only. The engine
shut down function is required as a safety measure in case the vehicle should
fly off course towards a populated area. A block diagram of a command system
is given in Figure 43. .

Si{nce the command link is required, it would be relatively simple to provide
a multiplicity of commands at very little additional cost.

6.4 CONTROL SYSTIM

The controi surfaces of the HI-HICAT vehicle are manipulated by individual
rotary or linear electro-mechanical servo actuators. The parawing config-
uration uses three rotary actuators, one for each fin, and the lifting body
configuration uses twc linear actuators, one for each elevon. The electro-
mechanical actustors were selected over other types because of their avail-
ability and the ease of supplying power for them., Hydraulic or pneumatic
actuators operats o. high pressure oil or air supplies which would necessitate
the installation of pumps, accumulators; filters, tubing and regulators in
the vehicle. All these components are heavy and costly and more difficult to
install and maintain than a battery pack. Also hydraulic and pneumatic
components are usually custom fabricated for each application,

The Lear-Siegler electromechanical servo actuator is currently available in
many sizes ard shapes, and the present HI-HICAT vehicie designs employ several
of their models. These actuators utilize a magnetic particle clutch, The
magnetic clutch is a versatile control element which can be easily controlled
by conventional circuits. C'utch type servo actuators have high torque to
inertia ratio because the motor and. clutch input shaft rotates convinuously
and only the inertia of the clutch output shaft and load must be overcome
during acceleration. Precision control is obtained with a simple controller-
amplifier arrangement in which the force output of the actuator is linearly
proportional to very low level input signals from the navigating systems.
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SECTION 7
TNSTRUMENTATION
7.1 DATA REQUIREMENTS

The purpose of turbulence research is to describe the magnitude and direction
of the wind velocities over a certain spectrum of frequencies and to define
the meteorological conditions. Turbulence could be measured directly if the
direction and magnitude of the relative wind could be measured by fast re-
sponse instrumentation installed aboard a flight vehicle which is itself not
affected by turbulence, Unfortunately, no likely vehicle configuration can be
conceived which will not respond to some extent to tne long turbulence wave-
lengths, However, instead of measuring the vehicle motions directly, a system
can be imagined with a sophisticated guidance =nd control system which would
control the vehicle in such a manner that it would fly a straight line in spite
of turbulence., Such a concep® is rejected since the complexity of such a
novel, scphisticated guidance and control equipment would greatly exceed the
couplexity of the extra instrumentation otherwise required,

It is usual to separate the measurement of relative wind into airspeed and
flow direction measurements, Customarily, fast response airspeed instrumenta-
tion is not installed because of the technical difficulties involved and be-
cause past investigations have shown little difference between the longitudinal
and lateral turbulence spectrums,

At intermediate and long turbulence wavelengths, the vehicle responds to gusts
and such responses must be measured in order to calculate the "true" sust
velocity relative to earth coordinates. The motions of a vehicle can be
measured by external means such as radar or with internal instrumentation
carried aboard the flight vehicle, Radar (and optical systems) must be re-
jec*ted because atmospheric turbulence and other difficulties prevent detection
of the fine scale vehicle motions as @ scussed in Section 6,1, It will be

shown that inertial instrumentation, namely gyros and accelerometers, can pro-
vide the desired accuracies.

It is also customary to measure both atmospheric pressure and temperature

along with the turbulence parameters to better define the meteorological condi-
tions associated with turbulence, Unfortunately, the measurement of atmos-~
pheric temperatures has proven impossible to accomplish and no free air temper-
ature ingtrumentation is included in the HI.-HICAT design.

7.1.1 Flow Direction Measurements

7.1.17.1 Accuracy Requirements

The major task to be accomplished by the HI-HICAT system is the measurement of
wind gust velocities at altitudes from 70,000 to 200,000 feet., The present
contract specifies measuring a 1 fps rms velocity out to a maximum wavelength
of 75,000 feet. The minimum frequency of interest can then be calculated from
the maximum wavelength by assuming the HI-HICAT vehicle is flying through
"frozen" turbulence, a common assumption, The contract does not specify a
minimum wavelength or & maximum frequency. In this study a maximum frequency

of 10 cps has been chosen in order to obtain a bandwidth comparable to past
turbulence investigations,
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The error anslysis proceeds by assuming the vertical velocities and the
attitude angles are small compared to the calm air flight velocities. The
design points shall bte Mach 4 at 70,000 feet and Mach 6 at 200,000 feet, The
diagram below shows the relationship existing between the various velocities
and angles involved.

v [
/ Y, AVZ
a
i AW,
VOA'Y
HORIZONTAL

From the diagram, the basic equation describing the kinematic relation between
variables car be written:

AWZ

n

VaAY + AV 2

A\
Z

Vdﬁal- VdA9'+ZYVZ
t

VaAa - vaAe + fo azdt

I

where:
= vertical component of body acceleration

= time

= vehicle velocity relative to earth axis
= vehicle velocity relative to wind axis
=, vertizal component of V

wind velocity rslative to earth axis

= vertical component of W

= angle of attack

= pitch angle

0 -a

[

R0 R .= = < = e
1]

and where small perturbations from a calm air flight path are considered.
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If ik= cvexx}] gecmesy is 1 fps s, ten t8s zocmucy of eect taom of tie
eg=atizs siould Be siont 0.5 f3s rus. e kigtest desfsm welocity is 62502 frs
{ech 6 =t 200,G30 feet); bercs, ike first taom of ths egmetics ebors
irdicstes tbe fiou direction shoold be mescrsd o £ gocmesy of

A = 0.5/£230 = 0.00008 radiecs = 3.005 Gigree.

Toe secord term leads o a ¢ritericn for the zcctmaoy of phitek stiitals
nezsurenscts, Sohstiftocting in tEe secor?d tvom yislds

28= %2 = 0.005 cegres

for {&e preciszicn recuired. Note tiat beth the flow direction and pitch
attitode mezstremert zcemracies ere relative (incremertzl) velpes. The
azealute (bizs) errcr is rot of interest.

Tre t2ird term indicates &the zcemresy of zecelerzticn mezsoremsris. A pare
sirzepidal mation is corsidered with

e, - Azsinut

were © is the circalar- fresuercy. Substitution in the thixd term and
integration yields

_ Cos ot
Aﬁ’z = -Az >
faor the time veryirg cocorent. Eence the precizicon reguired of an accelero-
reter increases as the freguerncy dacreases. The miniruom freguency 1s

w= 2wf = 2:%: 0.33 redians per seccad
b

where 75,000 feet is the longest turbulence wavelergth of interest ard 3880
fps is the nipnimm design velocity. Trerefore,

A = 0.5x0.33 = 0.165 fps> = 0.005g (Coswt = 1),

an accuracy relatively easy to rmeet.

Hote that the error analysis above is readily adaptable to the horizontal
lateral velocities and will lead to the same requirements for accuracy.

The recommended system as discussed in section 7.1.1.3 is capable of measur-
ing .8 fps rms gust @ Msch 4 and 70.000 feet. It alsc meets the 1.0 fps rms
gust requirement at Mach 6 and 200,000 feet.

T.1.1.2 Types of Flcw Direction Sensors

Flow direction sensors having a reasonable degree of practicality under high
temperature conditions rely on a pressure differential which is measured
either directly or indirectly. Rejected immediately is a turbulence sensor
being developed which i8 a variation of the hot wire anemometer where the wi.res
are not exposed but are mounted flush in the surface of a probe. Also rejected
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{ fand W

sre deppier lpors sexsors iilizirg {Pe frasgoezcy sHifL in redietion Beck-
scxtieved by slnosziece, Essesrch kece is &t 2 vaoy eszly staze.
The peossiiie tyres of se=soos can te cstegorized as:

1. piwoted veze
2. fixsd tzme or Qb=
3. secwced weze or Q=12

Zrgrmac—ts sre row prezented to demamsirete 2t a servosd @-12)1, sinilsr to
et developed 23 in operetios on the X-15 resezrch sfrcrafi, will yield the
greetest accmrzey.,

Tte pivoted vaze can be elimirsied from consideration by two argmments: one
bteseed on the dyremic response snd oze beesd on the mirdmmm possible friction
in a2n Poff-ihke-s2e1f™ »esdout device, Tre éyr=nic response is emalyzed by
cozsidering ¢ simpiified ecuztion for the free motisn of & second order system,

2..
CL:QSI + ps ta_'_,e < =¢
where:

= 11f% curve slope

= s&ngle of ettack

dynzaic pressure

= <Vene grea

= pivot-to—vane lerngth

= density of vare raterial
= average thickness of vane.

N e wwe ]oP
[\

?‘ﬂ'

The durping tern was left out of the above equetion brcause it will have
1itile effect on the order-of-rcegnitude analysis to fcllow., Also, note that
the mass of the vane support is ignored and +hat the 7vane dimensions are
considered szall compared to the pivot-to-vane length. The above equation
then yields a natural freguency.

Cr .9
“ = pige

At frequencies above the natural frequency the response of a second order
system starts to drop off rapidly because of inertia.

The 1ift curve slope at high supersonic speeds can be approximated by the
relation
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wrich is elout crme at Mach 4 szd tuwo-thirds st Mach 6. For nickel szd iron
tase sllcys densities of 0.3 1D per cu in, =16 =lngs per cehbic foot are
typlcel, 2 typicsl vare thiclress e2d pivot-to-vane length might pe 3 x
1073 feat =3 1f3 fest, respectively. Using these valuss the ratursl
freguency becames £ = W/RTT = 50 cps 2t 70,000 feet ard 3.3 cps at 200,000
feet,

The respozse of other “wezlhercocking® stapes such as 2 blunted nose cons
woald protably be wrse, Eeference 12 presents a2 freguency response eurve
for & typical zerodynanicelly driven sonsor with 2 response worse tban that
indicated Ty this apalysis,

TL migkt be suppoosd that the Gynaxic response could be improved by going to
very sm2ll warnes but the friction in existing readout devices discourages
thds zpproach, Tke restoring torque of & vare equals

C. aaS X
ba

Asmmirg £~ 1/3 faet as before and S = 1/50 sq £1, the torque becoz=es
0.6 x 10~ and 0.k x 1072 £t-1b at 70,004 and 200,600 feet, vespectively,
for an angle of atteck variation of 0.005 degrees. There are two ways of
reading out the pivot shaft ettitude angle to the resolution desired over a
totel angle of attack range fron 0 to 50 degrees. These are a two-speed
synchrc or 2 speciel geer srrangecent and & precision potentio-eter. The
toraque required for 2 synchro is less than for a potentisreter. The minimm
torque to cverco—e the bearing friction faiis between 2.5 x 162 and 2.5 x
10-3 £t-1b. With a gesr ratio of 10:1 for the second synchro tkis becomes
2,5 x 20~3 and 2.5 x 10-2 £t-1b. At 260,000 feet the required values are
far re-oved fron the torque awvailable velues indicated above.

The above two arguments and the problen of finding suitable vane and pivot
raterials for the high temperature enviromment discourages further considera-
tion of moving vanes unless a new and radicdlly different kind of readout
device can be invented,

Attention is now directed to fixed and seérvoed sensors. The technical
advantages of a servoed sensor <an be demonstrated if the following arguments
are considered:

1. For each fixed sensor configuration there is an equivslent servoed
sensor,

2. A fixed sensor measures a magnitude while a servoed semsor requires
oniy the detection of a difference in ei'ther pressure, force or
displacement, either plus or minus. At a wide variety of altitudes
and speeds, ample torque is available thtough the servo device to
drive the readout device with a resulting improvement in accuracy.

The above arguments would seem tc rule out fixed sensors; however, their
greater simplicity must be weighed along with their ability to provide a
high degree of resolution at their design dynamic pressure if the maximum
quantity to be measured is small, A compromise design has evolved for a
ona-axis Q-ball which would te servoed for angle of ettack measurements only.
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Such 2 design is possible since the angle of sideslip will vary through a mich
szaller range of values than the angle of attack which has e large ronturbulent
cozponent that is dependent upon the cruise attitude, The small range in the
angle of sideslip permits 2 ploying a differential pressure transducer with a
high degree of resolutioa. ’

T.1.1.3 The Reco=mended Flow Direction Sensor

Pigure 44 is 2 drawing of the proposed désign. The nose is a 2,5-inch diameter
sphere and the afterbody is part of the nose cone of the HI-HICAT vehicle, The
sphere is capatie of 425 degree in pitch about a nominal +25 degrees, The
array of pressure ports on the sphere is equivalent to that on the X-15 Q-ball.
Six pressure ports are used: three differentiel and one absolute pressure are
reasured as required in the determination of Mach number, pressure altitude,
angle of attack, and angle of sideslip.

The pressure transducers are capacitive types as used on all previous Q-balls,
The transducers perform as required for the measurement of flow direction and,
in addition, have demonstrated resolation and stability properties consistent
with the attainment of the severe 0,005 degree short time accuracy.

The sphere actuation sy:tem is made up of a servo motor driving a gear train
whose final sector is pushrod-connected to the sphere, All the gears are
spring~loaded to prevent backlash, A synchro is located et the next to the
last gear to provide an amplified sphere position readout.

The electronics, power supplies, amplifiers, demodulators and other circuitry
are all located in a package aft of the transducers. The components will be
mounted on rough boards stacked up within a cylindrical housing, Figure 45 is
a block diagram of the electronics, Power required at 28 volts dc (direct
current) is 22 watts for the electronics.

Other power requirements will be converted internally from the 28 volts de.

Four hundred cycle power is the primary frequency expected; lhiowever, higher

frequency excitation may be required for the transducers, depending upon the
exact models chosen.

The philosophy to be followed in the electronics is one of utilizing proven
components of the most up to date (and additionally, miniaturized) types
available., Where integrated circuits are used, they will be of available
types: special circuits are not anticipated. Clearly semiconductor devices
will be used as active circuit elements throughout. Military quality parts
will be utilized,

Servo analysis shows promise of resolving and correlating the angle of attack
over a time of 20 seconds within 0,005 degree, The dominant dynamic behavior
of the servo system is nominally that of a second order system with a resonant
frequency of about 6 cps and a damping ratio of 0.5; thus the amplitude ratio
for a sinusoidal input is "flat" within 3 db out to about 7 cps. Hence, the
present design doesa not achieve the desired goal of !0 cps or higher within
the 1limits of already developed components, Study should be conducted to dis-
cover if components of new design could substantially improve the response of
the Q-ball system.
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The Q-ball systea is not gain compensated. Since the error signal is a
rressure, the anticipated dynaxic pressure level mnst be set prior to flight.
The system will operate satisfactorily at dmaxic pressures greater or less
than the pre-set level by 50 percent.

The sphere rate capability is 320 legrees per second, which corresponds to
tracking 2 wind shesr of 5.6 per second. Refarence 13 indicates & probability
of 99.9 pexcent that the wind shear is less than 0.06 per secord for a wave-
length of 985 feet.

7.1.2 Flight Data Measurements

Two pressures on the surface of the Q-ball are =easured, an absolute pressure
and a differential pressure. The absolute pressure is Irom 2 port located 70
degrees froma the nominal airflow direction while the differential pressure is
between this port and ore located at O degrees. Since the sphere position is
eaintained constant relative to the aiiflcw direction, these pressures are in-
dependent of the vehicle attitude and their ratio iz a unique function of Mack
mmmber, Therefore, & solution for Mach number exists. Then, given Mach nuzber
and one of the two measured pressures, there are unique closed solutions for
other air data parareters, including dynamic pressure and static pressure.

Pigure € of Reference 12 illustrates accuracy curves derived from X-15 flight

test calibrations. The errors are large at the high supersonic crulse speeds

anticipated@ because of the "Mach freeze®™ phenomenon even when account is taken
of the conservativeness of the data, The figure shows errors of 7 and 20 per-
cent at Mach 4 and 6, respectively, for static pressure and errors of 4.5 and

10 percent in Mach number.

The above discussion illustrates the fact that the true speed of the HI-HICAT
vehicle should not be derived from Q-ball measurements. Ruther, this data must
be obtained from the inertial flight data system which is described in detail
in Section 6 of this report. The function in the flight data system which
generates the flight velocity should be accurate to about 1 percent, assuming
the maximum turbulence velocity to be measured is 100 times the minimum,

The other flight data measurements of interest are the pitch, roll and yaw
angles and the longitudinal, lateral and vertical, accelerations. These

flight path parameters could be obtained from the inertial navigation system.
However, the accuracy of the synchro transmitters used to read out the attitude
angles is an order of magnitude below the instrumentation requirement, Modifi-
cations of the existing platform gimbals to add precision transducerswould re-
sult in a long and costly development progran. An alternative is to provide a
cluster of precision rate gyros and integraie the signals with ground base com-
puters for the ac attitude angles. The recommehded package is a cluster of
three high precision instrument sensor gyros and three vernier range extenders
used to obtain accurate angular rate data around the piteh, roll and yaw axis
of the vehicle, The package contains three Systron-Donner Model 8140 precision
sarvo-torque-balance, dc rate gyros capable of resolving angular velocities of
0.00015 degree per second and three Systron-Donner Model 4106 vernier range ex-
tenders, Since 6 = w9 and since w = 0.33 radians per second is the minimum de-
sign frequency, @ = 0.00015/0.33 = 0.00045 degree and ample cepability is pro-
vided for meeting the requireéd accuracy of 0,005 degree.
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Quusi-static (dc) attitude argles rmst also be measured in order to tranaforn
the 2cceleration and wind velocity components from body to earth axds urd vice
versa, Theve are obtained, with a satisfaclory dsgres of accuracy, fro= the
inertia] navigation system discussed in Section 6. This systen is also
czpable of nroviding acceleration data to ths required degree of accuracy over
tke entire frequency range of interest, from dc to 10 cps.

7.1.3 Alrframe and Subsystem Messurements

To provide 2 check on airfraze and subsystem performance, a2 mmber of data
chammels should be included for engineering para=zeters such as subsysten
pressures and tecperatures, structural sirains and temperatures and 2 mmber
of simple cn-off type of events. It is expected that all engineering
parazeters can be instrumented with stondard equipzent and there will be no
requiremsnt for additionsl development, Extreme accuracies are noi necessary.
The engineering parameters to be measured can be reduced es the program
advancez through the develupment flight tests until a full set of meteor-
ological parareters can be measured. In this manger the mmber of channels
required can be reduced to a minimm,

7.2 DATA CONDITIORING EQUIPMENT

By proper selecticn of transducers, excitation voltages, and pre-ccnditioning,
the transducer outputs can all be developed as a dc voltage which is a linsar
function of the measured parameter., The dynamic range and scale factor of
each of these signals rmust now be adjusted to fall within the O to 5 volt
input range requirement of the multiplexing equipment. Isolation is also
needed to prevent electrical loading of the transducers which would adversely
affect their accuracy., There are three generally acceptable methods by which
this can be accomplished. One approach would be to reducs ths amplitude of
all signals, by using resistor divider networks, to a 0 to 20 millivolt range
and use low level commutation followed by a single amplifier to establish ail
commutated (multiplexed) dsta at a O to 5 volt rangs, This method is not
considered to be optimumm since low level signals cannot be measured to a high
degree of accuracy due to irherent system noise. A second method would be

to supply & dec isvlation and scaling amplifier for each measured parameter to
properly scale the measured paremeters to he within the desired 0 to 5 volt
scale focr high level commutation., This method would provide for optimum
system accuracy and performance; however, it is also the most expensive due
to the extra equipment and power required. The third method is a compromise
vhich would provide for both high and low level commtation within the
telemetry module and condition the signals which do not need to be 20 milli-
velis or O to 5 volts., In this case low level signals whick do not neaed to
be rced to extreme accuracies can be low level commutated with a resulting
reduction in equipment, This method is recommended as being the optimum for
the HI-HICAT system.

A typical bridge circuit followed by an isolation and scaling dc amplifier ia
j1lustrated in Figure 46, In some cases the overall dynamic range cf messure-
ment of a parameter is too great for sufficiant resolution to be obtained from
a single output range of only O to 5 volts. In these cases it is recommended
thaet a range extender be employed to provide both a coarse and a fine data

channel, Figure 47 illustrates the major components of the range extender

unit. The renge extender functions &s follows., The output of the transducer
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is ampiified by a dc amplifier. If no additional circuitrv were.used and the
transducer output varied over a wide range, the output of the amplifier would
be quickly driven from saturation to cut off., However, as the output of the
mmplifier approaches either limit, one of the voltage comparator eircuits will
function to open a count up or & count down gate in the up-down counter. This
action will allow e clock pulse to drive the counter either up or down depend-
ing on which amplifier limit is being approached. The output of the counter
is fed to a digital-to-analog converter whose output is fed thrcugh a dc ampli-
fier and a summing resistor to the input of the first dc amplirier. The polar-
ity of the converter output is selected to be opposite tv that of the trans-
ducer output. The action of this circultry is to shift a small, amplified
range of measurement anywhere within the large dynamic range of the measured
varisble. Thus by observing the converter output as a coarse data channel and
the operational emplifier output as a fine data chanmnel, accurate measurements
over large dynamic ranges can be made with a minimum data channel resolution
as.i1lustrated in Figare 47, The.only limiting factor to the overall resolu-
tion is the system noise level.

7.3 DATA STORAGE AND TRANSMISSION

T.3.1 General Requirements

Once having provided the instrumentation hecessary for the measurement of all
pertinent parameters to the accuracies stipulated by the mission requirements,
it becomes necessary to provide some means of transferring these data to the
ground for complete data reduction and analysis. These data can elther be
transmitted directly to the ground in real time, or data cam be stored in some
fashion sboard the vehicle and recovered on the ground at the conclusion of
the mission. Regardless of the methods used, care must be exercised to assure
that the transmittal method selected does not in any way deteriorate the accu-
racy of these data.

Since the vehicle is to be recovered at the end of each mission, it would be
possible to store the data aboard the vehicle. The obvious objJection is the
possible loss of 8ll data should the vehicle be lost. A telemetry link with
the ground could be used which would assure thé reception of at least some
data whether the vehicle was recovered or not. However, this method requires
more equipment =ither on the ground or in the leunch and recovery aircrafts,
or both. Both methods are considered in the following analysis.

7.3.2 On-Board Date Storage

Digital data storage for a 10 to 15 minute flight requires a capacity of better
than 13 million bits, Although there are numerous methods and equipment
available for the storage of digitized data, only the magnetic tape recorder
is congidered practical because of the large vdlume of data. Magnetic tape
recorder technology is well advanced and there are a mumber of units avail-
able which have been especially designed to withstand envirommental

conditions far more severe than those expected for the HI-HICAT mission.
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If the data were to be recorded in analug form, a typical tape recorder unit,
supplied with record only electrcnics, would occupy a volume of about 0.6 cu. ft.,
weigh dbout 20 pounds, and use from 30 to 35 watts of power. This would be a
machine supplied with a 5 inch reel of cne inch tape and prcviding 14 data
tracks. Synchro signals would be directly recorded while temperature and pres-
sure signals would be time shared on one track., A five inch rzel of tape pro-
vides sbout 26 minutes of recording time at a tape speed of 7-1/2 ips and would
be a more thez: adequate margin of data storasge. A tape speed of T-1/2 ips
allows for a direct recording bandwidth of 100 cps to 25 ke and with a FM car-
rier of 13.5 ke, would provide a bandwidth of from de to 2.5 ke. Such a hand-
wiGth is more than adequate for the HI-HICAT mission,

All considerations to this point favor znalog recording of HI-HICAT Gata. There

- 1, however, one very important limitation which rules out this method of data

storage. The average signal-to-noise ratio is from 32 to 40 db. For the most
optimum signal-to-noise ratio, this would 1limit the readable dynamic range for
any recorded parameter to 100 to 1., This range is less than {that required to

obtain the accuracy stipulated for wind gust measurements by over a factor of

10, Hence analog recording is not recommended.

Another approach is to record the date in digital form, there r overcoming the
objectionable noise level of the analog recording method. W'th proper selec-
tion of bit rate, word length and sampling rate, the recorder just described
could be used. However, with all data reduced to a digital pulse train, a
much smaller recorder will serve. A two track machine using a double pass on
450 feet of 1/2 mil mylar tspe at a tape speed of 10 ips would provide a re-
cording time of 18 minutes. One track would be used for data and the other
for a clock pulse at a packing density of 1000 bits per inch of tape. Such a
recorder would have a maximum size of 7.5 by 4.5 by 3.0 inches, would weigh
less than 5 pounds and require only 5 watts of power, The missed bit error
rate would be less than 1 in 107. Such a recorder would be sbout the size and
weight of a telemetry transmitter, but it would require much less power. The
tapes could be played back and the data reduced at any number of existing Air

Force data reduction centers thus eliminating any need for additicnal ground
support equipment,

There would seem to be no valid reason egeinst airborne data recording in digi-
tal form once the HI-HICAT system has proven itself reliable. For the early
development flights, though, a telemetering transmitter should be installed
and flights made over a missile range where ample ground support equipment

and facilities are available. Later flights with an airixrne recorder could
be made in any nonrestricted area in the world.

7.3.3 Telemetry Link

7.3+3,1 Range Limitations

One of the first considerations is range. A telemetry signal generated in the
HI-HICAT vehicle is of 1little use if it is hot received. There are three
places where receiver sites mey be located: the launch aircraft, the recovery
aircraft, and on the ground, Maximum range for any ground station is approxi-
mated to reasonable accuracy by

d = (2h)1/2
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Ty = o —emew—e r e

vhsre
h = transaitter height above sea level in fest and
d = radis distance to effectire horizon in miles.

Prom this equation, the maximm reception range, when the HI-HICAT vehicls is
flying at 70,00 fest, is abeut 370 miles, A% 209,000 feet, it is about 640
=dles,

As the figurer show, if ground stations arse used for reception of telemetry
data, flight will be restricted to areas ip the irmediate vicinity of existing
receiver sites. This could be overcome by providing one or more transportable
receiver systems, but at considerable expense, If the flights are over water,
the problem becomes even mors: complex, for receiver sices must now be

provided on ships stationed in the test area. A much more flexible method is
to provide a receiver and a tape recorder in both the lavunch and recovery
aircraft, using any avellable ground receiver site that is in range as backup.

7.3.3.2 Trensaitter Powver

Por normal free-space propegation, an equation to compute the transmitter
power for a required output signal-to-noise ratio ie given below in terms of
antenna reflector dimensions and system parameters.

PP w2 F s
t= "0 2% K W

vhere

P, = pover available at the trgpsmitter output in watts,

ﬂl = power loss ratio due to transmission line at transmitter,

ﬂz power loss ratio due to transmission line at receiver,

root-mean-square bandwidth in megacycles,
total length of transmission in miles,

+y t o]
[}

carrier frequency in megacycles,

radius of parabolic reflector in feet,

L2}
[}}

wer ra’.o noise figure of receiver
’

= improveme~t in signal~to-noise ratio due to modulation and,

2jtn R ¥

= required signsl-to-noise ratio at the receiver.

It is difficult to determine exact values for the power loss ratio without a
complete system design, but a value of 6 db (0.5) can be selected as a worst
czae value. A typical system value for B is 0.1 me, for L is 600 miles
maximum, for f is 230 me, for r is 0.5 feet (this value for r was selected
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since a parzbolic reflector is roughly equivalent to a half wave dipole), for
F is 5, for K is 0,2 (FM system) and for S/N is k& {for consistent dats). Sub- 4
stituting in the above equation indicates a minirmm usable transaitter output 1
is 1/2 watt. Trensmitters are avajlable in aimost any power range up to 20 ]
vatts, To provide a reliable signal to the receiver and = reasonable design
factor, at least a § watt transmitter is recorxended. 3

7.3.3.3 Antennas
When calculating the minimum recuired transmitter power above, both the trans- \J
mitter and receiver antennas were taken as half wave dipoles, A slot or flush

cavity antenna could be used without any »rojecting elements to disturb the
aerodynamics of the HI-HICAT vehicle. A properly designed slot or flush cavity J

antenna compares very faverably with a dipole both in radiated pattern and
efficiency.

The launch and reccvery aircrafts should be equipped with slot, fiush -cavity
or helf wave dipole antennas, Additional reliability could be achieved with
a directionsl antenna, but the additional complexity does not seem to be
warranted,

7.3.4 Data Ceding

Since there is such a large number of parameters which must be measured, it is
not practical to provide a continuous channel for each, Some method of time
sharing is necessary. {

If each of the high accuracy data parameters is measured at a rate of at least

40 samples per second, this will provide a high frequency response satisfac- J
tory for turbulence research. This rate provides a data sample once every 150

feet of vehicle travel at Mach 6.

There are three major ways that sampled data can be coded., The values may be ;
coded as a pulse amplitude (PAM), as a pulse duration (PDM) or as digital in- i
formation (PCM). The first two ways are limited to a dynamic range of about

100 to 1 which is very difficult to improve upon because of the effects of noise

and bandwidth limitations of normal telemetry systems. PCM does not have this ;
serious limitation since the data reduction equipment is only required to de- i
termine which of two conditions exist for each pulse period. These conditions A
can be the presence or absence of a pulse, a wide or narrow pulse, a positive ‘
or negative pulse, or one of two discrete pulse amplitudes. The most common 4
coding method in use today is the non-return-to--ero absence or presence of a
voltage level for the entire ﬁulse period, This method, although somewhat
more difficult to decode because of synchronisation difficulties, utilizes
the available time to the greatest degree and is recommended for the HI-HICAT
system,

Once the data has been converted to its digital equivalent, the accuracy will
not deteriorate, provided the data is properly received and decoded., Accuracy
depends only on the ability to convert to a digital code and on the selected
word length., A data word length of 10 bits will provide a dynamic range of
over 1000 to 1. This is considered to be optimum for the HI-HICAT system, The
accuracy of transducers, the normal noise levels expected and the difficulties
experienced in analog-to-digital converter design restricts going to a greater
word length, The actual word length will be 13 bits since one extra bit acts
as & parity check and two bits are for word synchronization,
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Having now esteblished a rate of 50 sexples per second end a word length of
23 bits, a bit rate can be detercined. Tine totel words per frame, which cor-
responds to the mber of data charmels, is esticated to be 2. Tne bit rate
equels the sezple rate times the word length times the murber of words and
leads to a rate of 10,400 bits per second.

Mzny of the parameters need not be measured at a rate as high as LU samples
per second. Most temperature measurements and other system paremeters cen be
sampled et a mmch slower rate and subcoczmiteted onto a2 sipgle chamnel, Ten
such parameters could be measured at gbout b samples per second, thus occupy-
ing one channel (word) in the main frame. Three such subcommmtated words
shculd be sufficient for the HI-HICAT mission.

7.3.5 Airborne Ecuipment

The major components of the data acquisition and transmission system are shown
in Pigures bS and 49, The transducers, signal conditioring equipment, trans-
mitter, and antemma have been discussed. The only remeining components fall
within what is termed the telemetry module, as shown in Figure 49. Although
this package, containing the commtators or multiplexers, sauple-and-hcld
circuits, analog-to-digital ccnverter and programmer, is not available as an
off-the-shelf item, very similar equivment has been built in modular form for
use on various missile programs., On:y the proper selection of a module and
minor packaging modifications are reguirefi to supply a subsystem which will
meet the requirement of the hRI-HICAT program.

The functions of the telemetry moduie are to select, in a programmed fashion,
each parameter to be measured, sample the output and generate the binary
nunber equivalent to the sample value. This digital information is then read
out in serial form as a straight binary, non-return-to-zero pulse train for
transmission or recording or both. The compléte sequence of events necessary
to accomplish the above is controlled by the programmer, which contains a
precision clock oscillator for accurate timing.

After a datas sample has been digitized, the digital information is stored
temporarily in an output register which forms a part of the analog-to-digital
converter. The programmer then generates the parity bit and the two bit word
synchronization signal and adds this infoiymation to the register to form the
composite word. The word is then reed out to the transmitter or recorder ih
serial form, As these data are read out, the next parameter is sampled and
digitized. The sequence of events is continuous such that the output is a
continuous pulse train of data in the correct format.

7.4 DATA REDUCTION

Regardless of whether the data is recorded onboard the HI-HICAT vehicle or is
telemetered to the ground vis a VHF radio link; the ground readovt equipment
is similar. Figure 50 shows the major items réquired for ground readout.

The data is recorded or transmitted in straight binary. This may or may not
be compatible with the input requirements of the computer which is used for
data reduction. However, after the data pulse train has been normalized
(filtered, detected and reconstructed) it can be converted to a binary coded
decimal form or to any other more suitable code which is compatible with the
input requirements of the computer system to be used for data reduction and
evaluation,
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Since the equipment required for the ground readout and analysis of data are
available at a mmber of Air Force data reduction centers, additional equip-
ment is not considered necessary to support the HI-HICAT progra=, Should a
desire arise for a special data reduction center exclusively for the HI-HICAT
program, off-the-shelf equipment is available from a nurber of suppliers.

7.5 POWER REQUIREMENTS

The source of power for the HI-BICAT vehicle must be compact, yet capable of
great capacity; lightweight, yet capable of high current drains, The rost
ideal source is a battery pack made up of silver-zinc rechzrgeable cells,
Such units are availeble witk energy outputs of 40 to 50 watt-hour per pound
and 2.4 to 3.2 watt-hour per cubic inch. The average cell voltage under load
is about 1.k volts; therefore, a battery -made up of 20 cells will have an
average voltage under load of about 28,0 volts, From full charge to the dis-
charged state the voltage should not change by more than 4 volts, 115 watts

of battery power will supply a satisfactory reserve for instrumentation re-
quirements,

7.6 INSTRUMENTATION LIST

The . instrumentation package will include a time shared digital data system
providing 20 channels (words) in the main frame, One of these main frame

_ channels will be the frame synchronization word and three channels will be

subcommtated leaving 16 main frame channels as data channels for data which
is to be sampled at a high rate, Each of the three subframes will include 11
subchannels, One each of tHese will be used ss a subframe synchronization

word leaving 10 channels for quasistatic data channels which are sampled at

a relatively slow rate, Two of these subchannels, in turn, shall provide 20
binary channels for on-off functions., An instrumentation 1list showing range,
sampling rate, maximum resolution, and type of transducers is given in Table
i, which would be applicable to turbulence data gathering flights. Channels

17, 18 and 19 are given over entirely to engineering parameters and the cnes
listed are a typical set.
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TABIR L
INSTRUMENTATION LIST

M SUB SAMPIE MAXIMIM TRANSDICER
CH CH PARAMETER RANGE BATE _ RESOIUTIOR TYPR
1 Pressure Altitude 0 to 2000
PSP 45/sec 2 PSF Preszure
2 Dynamic Pressure 0 to 1000 A
PSF 1 PSF €-B2a13 Sesnsor
3 70 Deg. Port Pressure 0 to 100 ;
PSF 0.1 PSF {
L Angle of Attack Coarse 0 to 30
Deg 0.05 Deg
5 Angle of Attack Fine 0.05 Deg 0.005 Deg
6 Angle cf Sideslip £2,5 Deg 0.C05 Deg Q«Ball Sensor
7 Pitch Kate 2 Deg/Sec 0.002 Rate Gyro
Deg/Sec
8 Yaw Rate 2 Deg/Sec 0.002 Rate Gyro
Deg/Sec
9 Roll Rate 2 Deg/Sec 0.002 Rate Gyro i
Deg/Sec !
10 Pitch Angle 0 to 50
Deg 0.05 Deg  Posiftion Gyro
11 Yaw Angle +25 Deg 0.05 Deg Position Gyro
12 Roll Angle %25 Deg 0.05 Deg  Position Gyro
13 Vertical Acceleration 0 to
+2,06G 0.002G Accelerometer
f
14 Iateral Acceleratinn +1.0G 0.002G Accelerometer
15 Lengitudinal +1.0G ' 3
Acceleration ' 0.002G Accelerometer
{
16 Spare —— k5/8ec  --- — 1
17 Battery Voliage 0 to 32V 4/Sec G.03v None
1  Position N/A* 4/sec  N/A* Synchro
*Not applicable to meterological data '
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TABLE 4 (CONTTNUED)

SUB SAVPIE VAXTMM TRANSDUCER
CH - PARAMETER RAFIGE RATE  RESOIUTION TYPB
2 Position TifA® Lfsec 1fa* Synchro
3 Position Hfp* | Nfa* Synchro
k  Position §i/a% H/A* Synchro
5 Megnetic Heading 360 Deg 0.k Deg Megnetometer
6 k00 CPS Converter k00 £20 Frequercy
Frequency CPS 0.4 cps Detector
7 400 CPS Converter
Frequency 115 £10V 0.1V Rectifier
8 Referenze Voltage 20 22V 0.02v None
9 Battery Voltage 0 to 32V 0.03V Rone
10 Spare ——— ——— —
11  Subframe Synchronism - ——— ——
i Temperature N/h* N/A* Thermistor or
+ ‘ Thermocouple
2
3
L Temperature Thermistor or
Thermocouple
J)  Pressure Pregsure
6 i
T
8 Pressure Pressure
9 10 Binary Channels ' y Switches
10 10 Binary Channels /A% é N/A¥ Switches
11  Subfreme Synchronism - 4/Sec - ———

*Not applicable to meterological data
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TABLE 4 (CONCLUDED)

™ SUB SAMPLE MAYTMIM TRARSDUCER
CH CH PARAMETER RANGE RATE  RESOIUTION TYPB
1 19 1 Temperature H/A* 4/Sec EN/a% Thermistor or
A ‘ ‘ Thermocouple
T 2
" 3
L Temperature Thermistor or
Thermocouple
5 Strain Strain Gage
6
T
1 !
8 Strain K/A* N/A* Strein Gage
9 Spare - - ———
10 Spare - v - —
11 Subframe Synchronism - 4/Sec - ——
20 Frame Synchronism - 45/Sec - —

*Not applicable to meterological data
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SECTION 8
PRESSURIZATION AND COOLING SYSTEM

A schematic of a proposed pressurization and cooling system is presented in
Figure 51, Helium storage at extromely low temperatures and supercritical
pressures yields fluid densitics upwards of twice that for liquid helium
which is 7.8 pounds per cubic foot. Compared to liquid nitrogen and other
pressurizing gases, it offers a lighter system without the problems that
can exist with a two-phase fluid, Such systems have been developed for
various projects during the last few years and their cost ls not considered
excessive for the HI-HICAT wvehicle,

The analysis to follow was completed for a parawing vehicle but is
applicable with only slight modification to a 1lifting body vehicle.

8.1 INSTRUMENTATION COMPARTMENT COOLING

A jet pump will be used to circulate the helium in the instrumentation
compartment, One quarter-inch of silica fiber insulation is required to
rediuce the aerodynamic heat Joad from 130,000 Btu per hour to 13,000 Btu

per hour. The outlet temperature of the instrumentation package is maintained
at a maximum 1750F, Primary helium gas enters the jet pump initially at
-1300F, but by the end of cruise the ﬁe}ium yill be at ~700F because the
storage tank pressure must be maintained at 1000 psia by internal heaters.

For this analysis the tempersture of the helium injected into the pump was
assumed to be 2500F, For a jet pump secondary-to-primary flow ratio of

2.0, & helium injection rate into the pump of 28.5 pounds per hour is
required. Secondary recirculating helium from the compartment is drawn into
the pump at & rate of 57 pounds per hour and.3000F, The helium exits from the
mixing section at 85.5 pounds per héur and 1150F,

8.2 ACTUATOR COMPARTMENT COOLING

Ccoling of the actuator compartment and equipment is similar to that discussed
above for the instrumentation compartment. The cooling requirement is 8lightly
larger because of the large ecuipment heat load, A jet pump flow ratio of

2.0 was assumed, and the primary helium was sssumed to be at -2500F, Fer

these conditions, helium is injected into the pump at a required 35 pounds

per hour, Secondary, recirculated helium is drawn into the pump at 2300F

and 70 pounds per hour. The helium leaves the pump at 104F ard 105 pounds

pe> hour, For the assumed equipment hes® load, the equipment helium exit
temperature will be 250°F.

8.3 THERMAL PROTECTION FOR THE PROPELLANTS

The maximum bulk temperature for IRFNA is 1UOoF wheieas for Hydyne MAF-L the
linit is 335°F. A significant amount of heat shield material will be
required, but due to the complexities involved, no detailed analysis has bee4
attempted at this time, The present design includes an average thickness of
1/4 inch of cork for the parawing tanks on She basis of preliminary estimates
and 1/% inch of silica fiber insulation for the 1ifting body tanks,
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8.4 PROPELLANT TANK PRESSURIZATION '

One major difference between the 1ifting body and the parawing vehicle is .the
use of a pump in the former to boost the pressure of the propellants up to a
level of 620 psia, To achieve the required propellant loading, the propellant
tanks for the lifting body must occupy all usable space available. Complex
shapes result, which are inappropriate .- a pressure-fed system., Therefore,
the tanks are pressurized to only 35 ps . to provide pesitive inlet pressure
to & turbopump as comparsd to a maximum pressure of 465 psia for the parawing
tanks. The pump is located under the recovery system compartment, -and it
delivers propellants to the engine module at approximately 62C psia., The
propellant tanks in aither case will be pressurized by gaseous helium, Storage
tank pressure is initiated with an electric heater, but once heat is avail-
able from the helium exhaueting from the cooled compe-tments, the tank

pressure is maintained by the hested helium passing through a heat exchanger
inside the tank,
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SECTION 9

WEIGHT

The weight and balance for both the parawing and the lifting body vehicle are
given in Tables 5 and 6. The parawing vehicle is 25 feet, 4 inches long,
about the maximum feasible for installation under an F-UC aireraft. The
19-inch diameter, however, ia somewhat erbitrary., By increasing the diameter,
the mass ratio can t» increased with a resulting increase in performance; but
the increase is small compared to the incresse in overall weight., An increass
in overall weight means un increase in acquisition and operating costs. The
present diameter is believed to strike a satisfactory compromise resulting

in a near minimum cost per data mile,

The 1ifting body vehicle has a length of 21 feet, 7.5 inches. It fitsg easily
under an F-UC vshicle and could be larger both in length and breadth., Like
the perawing vehicle, though, the present size is believed to be a
satisfactory compromise,
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TABLE 5

PARAWING VEHICLE
WEIGHT AND BALAKCE

Tail Fins, Nose, and Tall Structure 152 Ib
Avionics and Batteries 8L
Control Actuators 23
Recovery System 63
Pressurization and Cooling System 45
Rocket._ Engine Module 131
Propellant Module (including Tank) 321
Propellants 1816
Liquid Helium 21
Parawing (Meximm Area) 217

With large Paraving

(Maximum Ares)
Full Weight 2873 Lb
Full Center of Gravity 178 In. /from nase)
Empty Weight 1036 Lb
Empty Center of Gravity 180 In.
/ 114

Without
Paraving
2655 Ib
180 In,
819 Ib
182 In.
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TABLE 6

LIFTING BODY VEHICLE
WEIGHT AND BATANCE

Airframe

Avionics and Batteries

Control Actuators

Recovery System

Pressurization and Cooling System
Rocket Engine Module

Turbopump System

Propellants

Iiquid Heliunm

Full Weight
Full Center of Gravity

Empty Weight
Empty Center of Gravity
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&
15
88
38
131
55
2092
13

3262 Lb

160 In.(from nose)
1157 1b

166 In.
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SECTION 10

OPERATIONS

While it is not possible at this time to obtain a definite ruling, it may be
assumed that the previous pattern of allowing umnmanned vehicles to fly only

over unpopulated or sparsely populated land sreas will be followered. There are,
however, adequate ranges throughout “he world where the vehicle could operate to
give world wide turbulence coverage. Figure 52 shows some of the better known
unclassified ranges. As the flight program prdgresses and reliability improves,
flights can be made from ranges with less capabilities than the National Ranges
in the Continental U,S.A.

10.1 WHITE SANDS MISSILE RANGE

A tentative flight program for 50 flights presented in Table 7 shows initial
data gathering flights from White Sands Missile Range (WSMR). Since the
initial flights must have more extensive ground. support the Qapabilities of
the WSMR are presented in some detail as representative of those considered
necessary. All the ranges shown in Table 7 have sufficient tracking facilities
for HI-HICAT operaticn after the initial data gathering flights have been
successfully flown,

White Sands Missile Range covers an area of roughly 40 miles by 100 miles,
composing approximately 4000 square miles of the Tularosa Basin. It is
flanked on the west by the Organ or San Andres Mountains and on the east by the
Sacramento Mountains, Visibility in the area is oxcellent, being greater than
ten miles 96% of the time. The nominal range is 87 nautical miles in a
northerly direction, The only exception to this is during 30 select days of
the year when the range is extended to 122 nautjcal miles, This still falls
short of the range requirement of the HI-HICAT vehicle,

Further investigatica indicated that the Athena launching area at Green River,
Utah, would be suitable for the program., Normally this is a 420 nautical mile
flight impacting near the RAN site at WSMR, This would give a sufficient

range for the proposed HI-HICAT flights, Figure 53 shows the geographical
layout of the Green River Launch Site, as presently used for the Athena vehicle.
Superimposed is a typical HI-HICAT trajectory.

The following organizations and their equipment are available at WSMR to meet
the range user's requirements:
A, Measurement Division - Collects all flight data.,

B. Data Reduction Division - Reduces data to a form desired by
range users,

C. Range Services Division - Provides missile recovery services
and operates Army aircraft,

D. Range Instrumentation Development Division - Accomplishes
research and development functions associated with
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1

Flights
1-5
6 - 10
11 - 117
18 - 25
25 -35
36 - Lo
41 - 50

TABLE 7

FLIGHT PROGRAM FOR 50 FLIGHTS

Location
White Sands Missile Range, New Mexico

Western Test Range, Vandenberg Air Force
Base, California

Eglin

Wallops

Fort Churchill, Canada
Hawaii

Woomera, Australia
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the development and/or improvement of data collection/
reduction equipment and techniques.

E. Range Signgl Operations Divisioh -~ Coordinates signal effort
in support of range operations.,

F. Air Weathsr (Air Force) - Under coordination control of the
Chief,. IRM, provides meteorological support to rangs users,

G, Air Support (£ir Force) - Under coordination control of the
Chief, IRM, provides aircraft support to range users,

Areas of support available at WSMR that could be ussd in HI-HICAT flights are
given below,

20.1.1 Radar Tracking

Among the tracking equipment available are nire AN/FPS-16 radars, They have
tracking rates of 20,000 yd/sec in range, 40 deg/sec in azimuth and 30 deg/sec
in elevation, with an RMS range error of 5 yards, Each radar can supply ac-
quisition data, which iz referenced to a common coordinate system within WSMR,
to all other radars. Radar data are used to provide rzal-time information to
the missile flight safety officer, trajectory data to the project, acquisition
data to other range information systems, and vectoring data for drones and
targst aircraft, Both skin and beacon tracki:ig are employed simultaneously to
dchieve a high ordsr of reliability,

10.1.2 Optical Tracking

Optical tracking is obtained by use of the Askania high and low speed cameras,
&% frame rates from 1 to 60 rrames per second. The present cinetheodolite
system ylelds position data accurate to approximately 420 seconds of arc.
Derivative velocity &and acceleration data are obtained from the position
measured,

10.1.3 Telemetry

The range has the capability to receive, decommutate, record, linearize, and
scale factor all standard FM/FM, PAM/FM/FM, and PDM/FM/FM telemetry signals
transmitted in the 216-to-260-megacycle band, Both crystal-controlled and
tunable receivers &re usad. Magnetic tapes, oscillograph, and pen recorders
are used as requ.red, Two 15-foot, parabolic, 18-decibel zain, servo-driven
antennas are in use,

10.1.4 Command Control
AN/FRW-2 and AN/URW-15 FM transmitters, operating in thé 406-to-S549-megacycle

band, are used for command control. These transmitters generate, respectively,
500 and 1000 watts of RF power, which is radiated through omnidirectional
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antennas, Standard IRIG tone generators sre available at all transmitter
stations to provide the modulating aignals, Ths tone generatcrs can bs con-
trolled remotely from adjacent range control centers, Each transmitfer has
provisions for external modulation; if required. All staticns kave two trans-
mittere, with ore transmitter serving as automatic standby.

10.1.5 Meteorological Data

Atmospheric data are collected and reduced in support of rocket, missila, and
other programs at WSMR., The operational activities center around the collec-
tion of data on various atmospheric parameters, prior to, during, and after the
launch of a missjle. OStandard and nonstandard systems and techniques are
utilized in obtaining these data., Meteorological data are obtained from obser-
vations and measurements of atmospheric pressure, relative humidity, tempera-
tiure, and wind valocity vectors.

WSMR utilizes a double-theodolite system at selected sites. A thecdolite is
locsted at each end of a surveyed baseline., Azimuth and elevation data from
each theodolite are recorded when the instruments track a meteorclogical
balloon. A computer aitomatically reads the theodolite data, performs the re-
quired computations, and produces a graph profile of the observed wind compo-
nerts from ground level toc 2000 feet. These data are reduced, evaluated, and
presented to the user within four minutes from the time the balloon is released.

Six permanent Rawinsonde launch pointz are established at WSMR. One mobile

unit is available to provide off-range or special area support. An instrumentation
balloon, which ascends at a rate of approximetely 1000 feet per minute to alti-
tudes of between 75,000 and 125,000 feet, continuously telemeters temperatures,
relative humidity, and atmospheric pressure data to the Rawin AN/GMD-2 auto-

matic tracking receiver, Azimuth and elevation angles from the tracking unit

are recorded at regular intervals,

Meteorological soundings up to altitudes of 600,000 feet can be obtained by

use of the Nike Cajun rocket. The Arcas rocket, most frequently fired, can

carry a relatively simple telemetry system up to altitudes of 250,000 feet.

Parachutes are often launched at apogee., Data resulting from radar track of
the parachutes are reduced ‘o wind velocity vectors.

10.1.6 Data Processing

Data processing capabilities are extensive, All standard IRIG telemetry sig-
nals can be decommutated, digitized, linearized, scale factvored, and stored on
either pen recorders, oscillographs or magnetic tape,

10.2 Other Ranges

No other overland range in Continental U.S,A, is adequate for the HI-HICAT mission,
but investigation of suitable over-water ranges for early flights was made.

The Pacific Missile Range (PMR) at Point Arguella, California, can supply

support matching that of WSMR, and without the tight scheduling problem of the
Eastern Test Range (Cape Kennedy). Included in this support is offshore ship-
board tracking, and air snatch capability from C130 aircraft based at Edwards

Air Force Bagse. Figure 54 shows the support capabilities of WIR and a pessible
HI-HICAT trajectory, using their facilities,
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10.3 Sumary

To sumarize, the recommended mode of cperation for the BEI-HICAT vehicle is:

1.
2.

3-

m ﬂyi:ng over non: or sparsely populated areas,

Kaximm use of ground facilities for tracking and data
gathering in early flights,

Initial dats flight froa WSR or WIR,

Broadening of operational use of experience and rcliability
is gained, to eventual world-wide usage with minimm ground

support,
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SECTION 11
SCHEDULE AND PROGRAM

A program for either a parawing or a 1ifting body bears such a high degree of
similarity that there is no need to aifferentiate between the two .except for
8 research phase needed for the parawing, The lifting body is a shape which
has been studied and tested extsnsively in recent years for hypersonic
vehicles., The data from past programs are readily applicable to the HI-HICAT
system. Little interest has existed in parawings for supersonic or hypersonic
speeds, primarily because iee'misaions require the extreme altitude
cavabilities in 1ifting flight as does the HI-HICAT mission. A parawing
research program is outlined ‘which would generate sufficient dats to permit
establishing a firm foundation for the theory and design of parawings, The
program would require slightly over n year and g half, and it must be
completed. .before a parawinsg.vehicle-can be developed.

11,1 PARAWING RESFARCH

Little is known concerning the behavior of psrawings at supersonic speeds.

The National Aeronsutics.and Space Administration appears to be the only
group which has conducted high speed tunnel tests. Only three reports,
References 7, 1k, and 15, contain usable-data. Also, a parawing has not teen
successfully f1own at supersonic speeds. The program given herein is intended
to increase the store of--high-spéed aerodynamid and-thermodynamic' data and
permit the development and verification of a flexible wing theery. The

.outline and schedule for the progrem is presented in Figure 55, It proceeds

by scheduling "hot" and "cold" wind tunnel tests early in the program. These
tests are followed by the design and fabrication of experimental gliders.

The program ends with the successful flight test of one of he experimental
gliders. :

11.1.1 Cold Tunnel Tests

High speed tests for aerodynamic force. data. are planned for wing alone models,
a wing plus body model, and a wing plus .body plus tail model. The program is
based on the utilization of Lockheed 's k4 by h feet 'supersonic blowdown wind
tunnel located in the Research Center at -Rye Csnyon near Saugus, California,
During a typical blowdown, the angle of attack or the angle of sideslip

would be varied slowly while the forces 'and mbments are measured with a six
component balance, A number of parswings would ‘be tested (various leading
edge sweep angles, canopy curvatures, leading edge radii leading edge boom
curvatures, etc.), at high and low Mach humbers.

Wing deployment tests are also planned in addition to the static force tests
described above. Extension would.be made at various Mach and Reynolds
numbers, and angles of attack and sideslip.

The program.calls for the wind tunnel tests to be preceded by aerodynamic and
thermodynamic anelysis. This analysis is interided to aid in the selection of

configurations for testing and to createé a theoretical framework by which the
test data can be analyzed,
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11.4.2 Hot Tuonst Teshs

Hel toong) desis ave veguiscd becease of ihe pons) somplete a«»se"‘ca cf Jigh
terssrsture Subi am. ue*aue» of 4Ze sorisus conoarn axprasssd about hot spots.
AL-the pighoy ol sdtitudse, considsrabis cording 1 senisyed by mdim.mn, tut up-
Lortunsiely $he 41;*:51,:{' 3 setwean the parmxim md the b :a‘ ¥ i3 & ccaplox thermo-
dynseie coaligovetion baving aveas wilth recliicted "vieving anglegh ‘”or radia-
t1op. A vuabes of -design o,,ciona are aveilaule, such g8 ":mm.gs t zhield
sosblngs end ?:a:urem.\y high tesparature metariais, Tntii i;smporstwe dat& are
'ai,rsma, the siwps of Ll"sa i‘au"m <, the thiskuwess of the cowbings, and the’
mond sulkabie mrm?ia e2n onay be rogghly estinsted,

Toe &7y dule giver in Figorz 55 shows the .,.o?. tonnsl tosbs being conducted
COnCREM. e'xmfr wiih The sold tuneel teste. The progran ix baged on the utilize.
tion of Lockueed!'s 30 inch dizmwtoer & rparsome tunnel,

Higid ! modede wonld be co..s*weﬁed vhich wounld o, mst”tw"teﬁ for skin tempora-
tures and presswed, Thermsl paind wadd also b éipicyed. Funs at various,
anglas of sttack and sidesiip would be nc»gleuen at eeveral Mach and Reynclds
numbers. Tests would be condueted vith and without o parevwing aad with and
without wing-body Ia*J'iqg

11e7.3 Fliu':‘t :

Thg p*'i‘zm,";r objective of the cesiris $rugiam 1878 successful f1lighi of a
U ez YoRloas ub Supersonic specvds; a feat which has not been :accomplished
to date The research:program described herein calls for a successful flight
test. of ;an experimental glider. The test vehicle would weigh roughly 300
pounds -and would be boosted:.from the ground. up.to the desired altitude and
speed by a solid propellant rocket such as the Black Brant IV-A motor. At
apogee, the parawing would be deployed and the vehicle would decelerate and

‘glide down to conditions switable for-initiz%ing the parachute recovery pack-

age. The only guidance «. :ontrol function which appears to be essential is
a-roll attitude control which would position the glider in an upright attitude
before the wings are extended.

Three "gliders would be fabricated with the expectation that one would success-
fully complete the test. The choice of three vehicles is in line with .the
number- chosén for-similar programs which involve the first time. operation of a
new system at high speed,

11.1.4 Miscellaneous

A manufacturing technology study would not be necessary. It is expected the
need will be eliminated when the manufacturing technology study beéing conducted
by the Space General Corporation of El Monte, California, is completed under
contract AF33(657)-10252 (Réference 16). Their investigations are split into
three phidses of evaluation and design, fabrication and tests leading to the
development of structural designs , materials, manufacturing processes and
techniques for use in the coﬁstruction of inflatable re-entry vehicles. ™he
results of their study will be applicable to high speed parawings with ragid
leading edges.
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14,2 Pi-HICAT SEZARCH, DRVELOFMENT, TEST AND ENGINEERING

E sehefula for a prog-am leadfng to the davelopment sf z asbizfactory AY-RICAT
s¥stin is preseated in Figure §45, It is divided ipto enslysis, subsysiem de-
sigs aad. teats, instresentation deasign, wind tunsl teste, groumd tests, Piigbt
wests, end miscellaneous., Integrsted system annlysie {s copducted in step with
airfrade design with due comsiferetisu giver o the inisrfaces existing Letysen
{he varlous systews, Within the £irst mondh the basic vehicle persmeters should
b sstablished,  Also, nurier sehediling w1l kave formilated ths tsxxe to be
sceogplished and set uy procedurss for menitoring the progress of the program,

‘Tha prorulsion und fuel 5&51;‘::.:, the pressurizetion snd coolir:g' éystz.-,a, the

recovery sycteu, the guidance and control equipment, and the instrumentation
equipnent spe items wiich would vorwally be subesntracted. The propulslcs and
fuel syster is an integral part of the overall HI-FICAT system eand reguires a
lmg lead tvime. Its dzsign is shown as being initiated cne month after zce
‘ahead. The destgn of tné sther named systems and equipment can be delspad

-until the integrated system enalysis is near corpleticn,

The main vaciung item i tae ficet 12 wuicn 18 scheduled for 19 months
arter go~ahzsdé.  The grouna tests must, of course, be completed prior to this
drts, aud & one-month lapse in time from the end of ground testing to the
start of f£light testing is shown., A detailed set of ground tests are speci-
fied in line with the requiremer: for a reliasble HI-KICAT system with a high
degree of reusability: It appetir an Integrated series of system tests can:
be accomplished .at the same time that the rocket engine is tested, at a sav-
ings in time and effort. These tests will include vibration tests, shock
tests, acceleration tests in a centrifuge, mission temperature-pressure simula-
tion, humidity test and antenna pattern tests. One complete vehicle and in-
strumentation will be scheduled solely for these tests.

The flight tests include 13 buildp flights to maximum speed at an intermediate
altitude. All the flights will follow the planned sequence of operation from
air» launch.to air recovery. These tests will be preceded by F-4C launch re-
lease test of dummy HI-HICAT vehicles at supersonic speeds.

The next series of flight tests are 5 buildup flights to the maximum design
load factor at the maximum speed. These are followed by 5 buildup tests at
a ‘high altitude and 4 buildup tests at a low altitude, A total of 8 complete
HI-HICAT systems are allotted to the development flight tests. Assuming 14
flights result in total system failure or unsatisfactory data, this yields a
flight development program consisting of a total of 13+ 5 +65 + 4 + 14 = 41
launches,

11.3 HI-HICAT PRODUCTION

The proposed production program, including periods of performance, duration of
project by months, and délivéry of all items is indicated in Figure 57. The
flight tests will be completed in 32-1/2 morths after go-ahead, and the
research, development, tests &nd engineering phase will be completed in 33-1/2
months, The production test program will be completed in 4 years after go-
ahead for 50 data flights, in 6 years for 500 data flights, and 7-1/2 years
for 1000 data flights. This program assumes the use of UUSAF test facilities
and F-4C and C-130 aircraft. Launches will be conducted from only one USAF

bage or site at any one time in order to reduce HI-HICAT systems and equipment
to a minimum,
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SECTION 12
COST ANALYSIS

System costs have been developed for a HI-HICAT 1lifting body vehicle, The
costs for developing a HI-HICAT parawing vehicle would be about the same, and
hence are not shown, However, a parawing resesrch program must precede a HI-
HICAT parawing development program and these additional costs are detailed
below. The data for the lifting body vehicle are presented in Table 8.

The systems include the RDTLE (Research, Development, Test and Engineering),

production and operating phases to successfully complete £0, 500 and 1000
data flights.

The system cost analysis includes all of the items of hardware, facili-

ties and services Por the design, procurement and operation of the HI-HICA?
system, Inputs to the cost model were derived from several sources including
Lockheed: historicai data, subcontract budget estimates and data from U, S.
Government publications, Design requirements indicate that the technology and
hardware are within th3 state-cf-ths-art, Most of the hardware can be pro-
cured from off-the-shelf zources or with a minimum development cost,

A1l costs are based on 1965 dollars,
12,1 HI-HICAT PARAWING RESEARCH COSTS

As discussed previously, the available information on the behavior of parawings
at high speeds is e “remely limited, Additional research would therefore be
required to bring the parawing up to the existing 1lifting body state-of-the-
art, The cost of this additional work is based on the test program laid out in
Section 11 and the schedule of Figure 55.

PARAWING RESEARCH CQOSTS
(Thousands of DoIlars)

Planning $ 18
"Cold" tunnel tests 180
"Hot" tunnel tests T5
Test vehicles, design tc manufacture 1,500
Ground and flight tests 230
Reporting 29

Total $2,032

12,2 HI-HICAT RESEARCH, DEVELOPMENT, TEST AND. ENGINEERING COSTS
The number of vehicles required for the test program was derived in the pre-

ceding section, All costs are included to develop and integrate all components,
facilities and services necessary to meet the system mission requirements,
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TABLE 8

COST ANALYSIS SUMMARY
(THOUSANDS CF DOLLARS)

; Number of Successful Data Flights 50
i RDT&E Costs (subtotal) {20,903)
Alrframe 8,823

Engine 2,400

Instrumentation 969

Subsystems 480

Other 8,201
Production Costs (subtotal) (3,785)

Flyaway

Airframe 624

Engine 362

Instrumentation 892

Subsystems 237

Other k12

Spares 253

Other 1,005

Op:rating Costs  (subtotal) (2,460)

Personnel 300

Maintenance 67

Fuel 87

Other 1,306

: TOTAL SYSTEM COST 27,148
Cost per Data Flight in Dollars 5k2,960
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(20,903)
8,823
2,400

8,291
(18,876)

3,202
2,367
5,908
1,538
2,299
1,531
2,031
(12,819)
1, 500
6,280
852
4,187

52,598

105,196

1,000

(20,903)
8,823
2,400

909
480

8,291
(35,307}

5,856
4,708
11,795
3,050
4,341
2,975
2,582

(23,731)
2,400
12,638
1,705
6,988

79,941
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The airframe development cost is derived from Lockheed historical data and
similar vehicle studies. Propulsior, pressurization and cooling, recovery,
guidance and ccntrol, and instrumentation systems costs are based on subcon-
tractor budget estimates,

Other costs include the development of aircraft ground equipment, grcund and
static testing, test hardware and flight testing.

For this study, it is assumed that the USAF will furnish the facilities and
services for flight testing as described in the operations phase, Section 12.k.

It is assumed that the test operating crew will secure the necessary training
requirements in the RDI&E phase to efficiently operate the data collection
prog‘ anm,

12.3 HI-HICAT PRODUCTION COSTS

Flyaway costs include all material labcr and supporting costs for the produc-
tion of the following number of HI-HICAT vehicles:

50 Data Flights - 6 Vehicles
500 Data Flights - 40 Vehicles
1000 Data Flights - 80 Vehicles

Airframe costs are estimated from Lockheed data.

Engine, instrumentation, and sub-assembly components are taken from sub-
contractor budget estimates, Installation labor is based on the requirements
of the pariicular component or subsystem.

Due to the small production required, the same tooling is used for the testing
and the operational vehicles.

Other costs include technical integration, support equipment, maintenance,
sustaining engineering, manuals, and miscellaneous costs.

Initial spares costs are based on 10 percent of the flyaway costs. As the
propulsion and recovery systems refurbishment costs are based on the number of
vehicle launches and the number of kits required, these costs are not

included in the initial spares. These kits are included in the operating
refurbishing cost,

12,4 HI-HICAT OPERATING COSTS

For this report certain essumptions are made to arrive at comparative costs
of 50, 500 and 1000 data flights,

1. Launches will be conducted from one established USAF base or site at
any one time,
2, USAF will provide facilities for storage, maintenance, refurbishing,

operating support equipment, and supplies., These facilities costs
are not included.
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3. Operating range and facilities will be available for data flights as
scheduled., Such costs are not included,

4, USAF will maintain all government furnished facilities.
5. The operating team, equipment, and supplies will be transported between

: locations by the USAF, The cost of operations in foreign areas are

not included as the locations are not defined at this time,

6. All launch aircraft (F-4C), and recovery aircraft (C-130) equipped
with air snatch equipment and with operating crews, will be furnished
by the USAF, These costs are not included herein.

7. Housing and subsistence costs are not included in this report.

8. It is assumed that operating crews will have secured sufficient
training during the RDT&E phase that training will not be required
for the operating phase of the program,

System operating costs include all personnel, equipment and supplies to
accomplish the program for 50, 500 and 1000 data flights.

Personnel includes crews to manage and operate the system. Estimated minimum

crew sizes are estimated at 30, 45 and 58 men for 50, 500 and 1000 data
flights.

Maintenance and refurbishment costs are based on an initial vehicle turn-
around time of 30 days. This performance should improve with experience on
extended operating programs, Refurbishing kit coats for the propulsior and
recovery systems are based on the number of vehicle launches. Kit costs are
based on subcontractors! budget estimates, All other annual replacement costs
are based as a percentage of the component or system costs.

Fuel costs are based on current market prices,

Other costs include launch and recovery aircraft operating costs, modification
of launch aircraft, data planning, acquisitior. and analysis.

Launch and recovery aircraft operational costs are computed by extracts from
Reference 17, These costs include USAF flight, base, and depot -costs based
on peacetime aircraft utilization., It is estimated that one-F-4C launch
aircraft and one C-130 recovery aircraft will service the 50 data flight
program., For 500 data flights at 3 flights per week and 1000 data flights
at 4 flights per week, two launch and two recovery aircraft will bte required.

Aircraft modifications include launch pylons, receiving telemetry and command
equipment for the F-4C and the C-130 aircraft.

Data acquisition and analysie costs are based on current HICAT operations.
The ground equipment for ground readout and data analysis is assumed to be
available and no costs are included for this iten.
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SECTION 13
ALTERNATE SYSTEMS

In the preceding sections there have been comparisons between the recommended
system and various alternatives. The intent and scope of the present contract
is the study of a vehicle and instrumentation system which would measure
turbulence at extreme altitudes. Considering the difficulties of measuring
turbulence at such altivudes, it is appropriate to examine other measuring
systems, These alternate systems will not satisfy all the requirements of the
present contract, but under some conditions they might produce data with
satisfactory accuracy at a lower cost per data bit.

The discussions to follow are brief and are intended solely to acquaint the
reader with the possible alternatives., Considerable background information
is taken from-a .study completed for the Aero-Astrodynamics Laboratory, NASA,
Marshall Space Flight Center, Huntsville, Alabama, References 18 and 19,
That study fulfilled a need for gathering together and analyzing under one
cover the many systems for measuring the wind enviromment of large space
vehicles rising through the atmosphere. Here the interest is for horizontal
rather than vertical trajectories and for higher altitudes, but the basic
measuring principles remain the same.

13.1 REMOTE MEASURING SYSTREMS

.Remote systems can be conceived which use the intelligence contaizzd in the

lager or radar radiation backscattered by aerosols and inhomogeneities in the
atmosphere to deduce the turbulent structure. Such concepts hold little
promise because of the extremely poor signal received-to-transmitted power
ratios available,

13,2 SOUND SYSTEM

The use of a sound generator was discussed in Reference 19, Unfortunately,

a pure tone passing through a turbulent atmosphere is distorted to a signifi-
cant extent, The small shifts in apparent source frequency due to the winds
at altitude would probably be completeiy masked by the frequency shifts due
to the sound waves passing through turbulent layers.

13.3 BALLOONS

Rising or falling balloons follow a trajectaory that is usually closer to the
horizontal than the vertical. There is no fundamental reason why the data
from a Jimsphere or Robin balloon could not be processed tc yield the vertical
as well as the horizontal winds. The slowly varying component introduced

into the apparent winds by the terminal veldeity of the balloon must be re-
moved, of course, by numerical filtering or other means. Since an accuracy
of one foot per second is desired, o~y a precision system such as the
Jimsphere and FPS-16 radar system, ksference 20, should be investigated. The
low cost or this approach is especially appealing.
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13,4 SMCKE AND CHAFF TRAILS

Smoke aud chaff trails could be laid for a distance equal to the maximum
wavelength of interest, that is 75,000 feet, at the apogee of a rocket
trajectory. A variation of cnly ;1000 feet from the desired altitude can be
achieved with an apogean velocity of only 1560 fps and a smell meteorological
rocket could probavly be used. Smoke suffers in that good visibility is
required, (Sesz Reierence 21 for a report on a smoke trail method for vertical
wind profiles.,) Also, there are problems involved in generating smoke above
60,000 fest as Reference 22 indicates, Chaff appears to be superior as a
"tracer"” but large Noppier radars must be built or modified from existing
equipment,

The possibility of chaff for high resolution wind meesurement was studied by
the Cornell Aerorauticel Latoratory as discussed in Reference 23, Quoting:

"Design concepts were formulated and evalusted for a high resolution (30 m
altitude increment) wind msasurement concept involving two Doppler radars and
a continuous chaff column for rapidly constructing the wind profile from

"ground to15 km altitude, The investigation included theoretical interpreta-

tion of Doppler spectra, suitable measurement techniques and apparatus for
achieving desired sampling capability, and field experiments wherein the
general concept was assessed., These simultaneous efforts have led to the
following conclusions:

"1, The Louppler radar chaff concept, as devised, is feasible for obtaining
wind information of desired accuracy (0.5 - 1.5 m/sec) and spatial
resolution (30 m altitude increments). FKequired equipment to meet
these specifications cannot be considered simple or inexpensive;

45 feet to 60 feet diameter antennas, radar transmitters of demending
design, and a unique rocket chaff dispenser are called for, Nevertheless,
the envisioned system appears capable of providing, in "real time" and
regardless of weat’ r conditions, unique atmospheric wind structure
informatici."

"6, Theoretical calculations and chaff tracking experiments have shown
that 3 to 5 pounds of chaff (approximately 4 million X-band dipoles
pe > pound) are required per 15 kilometer high cclumn., This concentra=
tion is consldered suitable in terms of detectable signal return and
sdequate statistical representation of wind velocities with a sampled
volume,"

The above quoted accuracy is obtained with a radar sweep over the entire 15
kilometer chaff column in 150 seconds; hence, a number of wind profiles could
be generated before the chaff dissipates,

I¢ 1s recommended further consideration be given to the chaff trails system.
It appears a uumber of "sweeps" could be made of a 75,000 feet trail before
the tracer dissipates, This number must be compared to the 25 "sweeps'
intended for the HI-HICAT vehicle and the cost per mission and per sweep
determined, Although novel, a chaff trail system might generate data at
moderate overall costs, The initial costs would be high, however, because of
the requirement for a number of precision Doppler radars,
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SECTION 14
CONCLUSIONS AND RECOMMENDATIONS

A preliminary design study was conducted for a HI-HICAT vehicle and irstru-
mentation system for operation at altitudes from 70,000 to 200,000 feet which
lead to the following conclusions and recommendations:

1.

One-stage, unmanned parawing and 1ifting body designs were evolved for
a HI-HICAT vehicle and instrumentation system capable of measuring.
turbulence at altitudes between 70,000 and 200,000 feet, If the full
range of altitudes must be achieved with one system, then a parawing
vehicle is optimum. By deploying wings of optimum size, or no wing,
the parawing vehicle achieves the greatest range of operating altitudes.
The parawing system features a cluster of eight P4-1 rocket chambers,
highly pressurized propellant tanks, a cryogenic helium pressurization
and cooling system, an inertial navigator, a command control system,
and a parachute recovery system designed for an air snatch with a
C-130 aircraft. The vehicle is air lsumnched from an F-4C aircraft at
speeds near Mack 2, The instrumentatioh features a one-axis servoed
Q-ball, digital data handling equipment, telemetering, and on-board
magnetic tape recording.

When emphasis is placed on the mid-range of altitudes from 100,000 to
150,000 feet, a 1lifting body configuration is competitive with and
recommended over the parawing, However, a HI-HICAT development program
should allow for the exploration of closely related shapes with the
goal of achieving substantially better lift-to-drag ratios than those
for the vehicle described herein. The internal systems for the

lifting body vary little from those for the parawing with the only
exception being the use of a turbopump to feed the rocket engine from
propellant tanks that are only lightly pressurized.

An instrumented YF-12A aircraft is the recommended vehicle for
gathering turbulence data at the lower HI-HICAT altitudes. It
ropresents the next logical step up from the present HICAT pro-
gram with a U-2 aircraft. The cost of obtaining data, although
more than that for past turbulence programs with subsonic air-
craft, would be considerably less than the cost of the unmanned
HI-HICAT system described herein.
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